CFRPとFML複合材積層板の界面機械特性の向上 by 寧, 慧銘 & NING, Huiming
  
Improvement on Interlaminar Mechanical  
Properties of Carbon Fiber Reinforced Plastic  
and Fiber Metal Laminates 
 
January 2015 
 
 
 
 
 
Huiming Ning 
Graduate School of Engineering 
CHIBA UNIVERSITY 
 
 
 
 （千葉大学審査学位論文） 
Improvement on Interlaminar Mechanical  
Properties of Carbon Fiber Reinforced Plastic  
and Fiber Metal Laminates 
 
January 2015 
 
 
 
 
 
Huiming Ning 
Graduate School of Engineering 
CHIBA UNIVERSITY 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Copyright by Huiming Ning 2015 
All rights reserved.
 I 
 
ABSTRACT 
 
With their high specific modulus and strength, carbon fiber reinforced plastic 
(CFRP) laminates are extensively used in many structural applications including 
aerospace, sporting goods, automobile, civil and marine structures where high 
performance and lightweight of structures are essential. However, it is well-known 
that CFRP laminates under transverse loading are extremely susceptible to crack 
initiation and propagation along the laminar interfaces in various failure modes. As 
one of the most prevalent life-limiting crack growth mode, delamination will cause 
severe reductions in in-plane strength and stiffness, and may lead to catastrophic 
failure of a whole structure. Therefore, the weak interlaminar mechanical properties of 
the CFRP laminates limit their applications. 
Fiber metal laminates (FMLs) is a kind of hybrid composites, combining the 
advantages of metallic materials and fiber reinforced plastics. Since FMLs were 
invented, they have shown great potentials for various structural applications. 
However, the relatively weak bonding strength between metal and polymer makes the 
FMLs susceptible to crack initiation and propagation along the interfaces, which may 
lead to significant stiffness losses and premature failure, especially when subjected to 
compressive or shear loads. 
 This research aims at the improvements of interlaminar mechanical properties of 
CFRP and FML laminates through three promising toughening methods: (1) by 
introducing various nanofillers into the laminated composites, (2) by acid etching 
treatment to enhance the surface roughness of metal sheet, (3) by modifying the 
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morphology of metal sheet surface to patterned hierarchical structure to enhance the 
interface bonding between the metal and polymer of FMLs. 
For CFRP laminates, carbon black (CB) and graphene oxide (GO) reinforced 
epoxy (i.e., CB-epoxy) interleafs were employed to improve the interlaminar 
mechanical properties of carbon fiber reinforced plastic (CFRP) laminates. Double 
cantilever beam tests showed that the Mode-I fracture toughness was increased with 
addition of CB- and GO-epoxy interleaf. With 15 g/m
2
 addition of CB, the CFRP 
laminates demonstrated the highest Mode-I fracture toughness and resistance, which 
were 50.3% and 88.6% higher than those of pristine CFRP laminates, respectively. 
End notched flexure tests demonstrated the similar toughening effect of CB-epoxy 
interleaf on the Mode-II fracture toughness of CFRP laminates. With 10 g/m
2
 addition 
of CB, the CFRP laminates demonstrated the highest Mode-II fracture toughness, 
which was 145% higher than those of pristine CFRP laminates. With the incorporation 
of GO-epoxy interleaf into the interface of CFRP laminates, higher increasing rates in 
Mode-I fracture toughness and resistance could be achieved which were 170.8% and 
108.0%, respectively with 2 g/m
2
 GO addition. The improvement mechanisms were 
investigated by the observation of fractured surface with scanning electron 
microscopies. 
For FML laminates, three toughening methods including acid etching and 
mechanical patterning for surface treatment of aluminum (Al) alloy sheet, as well as 
addition of nanofiller (i.e., vapor grown carbon fiber (VGCF)) to the interface of FRP 
laminate and metal sheet for both Carbon Reinforced Aluminum Laminate 
(CARALL) and Glass Laminate Aluminum Reinforced Epoxy (GLARE), were 
investigated. Experimental results showed the improvement on the interlaminar 
mechanical properties of Mode-I and Mode-II fracture in terms of much higher 
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critical load and fracture toughness. The highest GIC and GIIC were obtained in the 
specimens with the combination of acid etching on Al sheet and 10 g/m² VGCF 
addition for CARALL, which was 650% and 175.76% higher than those of the 
samples with only acid etching, respectively. As for GLARE laminates, the specimens 
with acid treatment and 30 g/m
2 
VGCF addition possess the highest GIC. Whereas, the 
highest Mode-II fracture toughness was demonstrated in the specimens with acid 
treatment and 10 g/m
2
 VGCF addition. The highest Mode-I and Mode-II fracture 
toughnesses showed approximately 10 times and 385% increases respectively 
compared to those corresponding pristine ones. Moreover, the effect of the angle, i.e., 
0
o
 and 90
o
, between the rolling stripes of Al plate and the fiber direction of glass fiber 
reinforced plastics (GFRP) on the Mode-II interlaminar mechanical properties of 
GFRP/Al laminates were also investigated. Crack propagation and fractured surface 
were observed to interpret the improvement mechanism. 
Finally, finite element analyses were carried out based on cohesive zone model 
to numerically simulate delamination propagation in CFRP and FML laminates. By 
matching the numerical and experimental results with the lowest error, interlaminar 
tensile and shear strengths were obtained. The numerically predicted interlaminar 
tensile and shear strengths of CFRP and FML laminates also show great 
improvements after using the above mentioned experimental toughening methods. 
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1 Introduction 
 
1.1 Carbon fiber reinforced plastic 
Carbon fiber-reinforced plastics (CFRP) is a kind of two phase composites materials 
that consisting of two components: a basic or carrier substance known as the “matrix”, 
as well as a reinforcing second component “carbon fiber” which is embedded in the 
matrix. Benefited from the high tensile strength, low weight, and low thermal 
expansion properties of carbon fiber, and good adhesion, low creep, high strength and 
stiffness of epoxy matrix, CFRP exhibit excellent specific modulus and specific 
strength and are indispensable in high-tech applications, especially in many structural 
applications including aerospace, sporting goods, automobile, civil and marine 
structures where high strength, good rigidity as well as low weight are essential. 
These materials offer definite advantages when compared to more traditional metallic 
materials, e.g., aluminum (Al) alloys, especially in fatigue properties and corrosion 
resistance. However, it is well known that composite structures in the form of 
laminates are extremely susceptible to crack initiation and propagation along the 
laminar interfaces in various failure modes. In fact, delamination is one of the most 
prevalent life-limiting crack growth modes in laminated composites as delamination 
may cause severe reductions in in-plane strength and stiffness, leading to catastrophic 
failure of the whole structure [1]. Therefore, their weak interlaminar mechanical 
properties make the laminated composites be a material which has low bearing 
strength and low impact resistance, and limit their applications in more expansive 
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fields. It is very necessary to improve the interlaminar properties of CFRP laminates 
to fulfill primary-structure applications requirements.  
1.2 Fiber metal laminates 
Since the application of Al alloy sheet materials in aircraft structures around 1930, 
sheet materials of Al alloys have been abundantly used for transport aircraft. Their 
advantages of a low specific mass, economic production technologies, high bearing 
strength and impact resistance have been very attractive. However, with the 
development of aeronautical industry, the limitations of material properties (e.g., low 
fatigue life and corrosion resistance) of these alloys have been increasingly serious. It 
is urgent to develop a kind of strong, durable and damage tolerant material for modern 
aircraft structures. FRPs composites materials possess excellent fatigue and corrosion 
resistance properties. Therefore, the strategy of using two materials (e.g., Al alloy and 
laminated composite materials) with performance complementation to make a kind of 
hybrid composites to overcome most of the disadvantages of both materials was born 
at the end of the seventies. Then, fiber metal laminates (FMLs) materials which are 
hybrid composite structures based on thin sheets of metal alloys and plies of fiber 
reinforced polymeric materials were invented at the Delft University of Technology 
[2]. Figure 1.1 presents the typical lay-up of FMLs. FMLs composite combines the 
advantages of metallic materials and fiber reinforced matrix systems. Metallic 
materials are generally isotropic, have high strength and impact resistance while fiber 
reinforced matrix systems have excellent fatigue resistance. Therefore, the problems 
caused by the poor fatigue and corrosion resistance of metallic materials and the low 
bearing strength, impact resistance and reparability of carbon or glass fiber reinforced 
matrix plastics can be solved by combining them into a hybrid structure [3]. During 
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the 1980's, the material was further developed. ARamid-fiber-reinforced-polymer/ 
ALuminum Laminates (ARALL), the first standardized family of FMLs consists of 
alternating thin Al alloy layers and uniaxial or biaxial aramid fiber prepregs were 
introduced. During the testing of ARALL it was found that the aramid fibers did not 
perform well when the laminate was subjected to compressive loads. Thereafter, the 
attempts to improve ARALL laminates, adopting high strength fibers such as carbon 
fiber and glass fiber instead of aramid fiber, called Carbon Reinforced Aluminum 
Laminate (CARALL) and Glass Laminate Aluminum Reinforced Epoxy (GLARE), 
respectively were developed. CARALL and GLARE, as the successor of ARALL, 
various properties are superior to ARALL, including impact strength, residual strength 
and its fire resistance properties. 
Although the FMLs possess the advantages of Al alloy and laminated composite 
simultaneously. Previous works on FMLs [4, 5], also have shown that these 
multilayered materials exhibit excellent impact properties, a superior fatigue 
performance, and a good environmental resistance. Nevertheless, with no exception, 
laminates including FMLs have some disadvantages as well. Due to the combination 
of different materials, new failure mechanisms and failure modes are introduced. One 
of typical ones is delamination, which can have serious consequences for the overall 
stiffness of these materials, especially in those cases where compressive or shear 
loadings are dominant. The relatively weak bonding between metal/polymer 
interfaces still remains a technical issue to be solved. Actually, the weakest link in 
FMLs lies in the metal/polymer interface region. 
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Figure 1. 1 Typical lay-up of a fiber metal laminate [6] 
 
In order to improve the interlaminar mechanical properties of both CFRP and 
FML laminates, a lot of efforts have been made. In the following, a brief review of 
these toughening methods is presented.  
1.3 Toughening the FRPs by nanofiller addition 
In order to improve the interlaminar mechanical properties of CFRP laminates, 
various through-thickness reinforcement methods, such as transverse stitching [7], 
z-pinning [8], three-dimensional weaving [9] and embroidery [10], have been 
developed. These methods have been proven to be effective in alleviating 
delamination and subsequent buckling in CFRP laminates, but leading to loss of 
in-plane mechanical properties to a certain extent.  
With the introduction of nanotechnology into composites field, there are 
considerable interests in toughening the FRP composites materials by introducing 
nanofillers into it to make a kind of multiphase hierarchical nanocomposites. For 
nanofillers, depending on their geometry, they can be classified into three categories, 
which are 0-D nanoparticles, 1-D nanotubes or nanofibers, 2-D nanolayers, as shown 
in Figure 1.2 [11, 12]. Various kinds of nanofillers such as nanoclay, layered silicates, 
Metal sheets 
FRPs 
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SiC wisker, carbon black, carbon nanofiber (CNF), carbon nanotube (CNT), graphite, 
graphene and graphene oxide have been employed as the reinforcement phase to 
improve the mechanical and some other physical and chemical properties of polymer, 
ceramic and FRPs. Among numerous kinds of nanofillers, the 1-D CNTs and 2-D 
graphene platelets as shown in Figure 1.2 are the two main nanofillers being currently 
most favored by material researchers and engineers. In the following, we will present 
a brief review on the manufacturing and mechanical properties of these two kinds of 
nanofillers and their nanocomposites. 
 
Figure 1. 2 various types of nano-scale materials [13] 
 
1.3.1 CNT and CNT based nanocomposites 
1.3.1.1 Structure and properties of carbon nanotube 
Since the discovery of CNT in 1991 by Sumio Iijima, it has attracted tremendous 
scientific and technical interests in materials science and engineering fields [14]. 
CNTs are allotropes of carbon with a cylindrical nanostructure which composes of sp
2
 
bonded carbon atoms in a hexagonal network. There are two types of CNTs: 
single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs), as shown in 
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Figure 1.3. SWCNTs consist of a single graphene sheet seamlessly rolled up into a 
cylindrical tube whereas MWCNTs consist of a number of graphene sheets coaxially 
rolled up to form concentric cylindrical tubes with van der Waals forces between the 
adjacent tubes. According to the arrangement of hexagons in their structures, SWCNT 
can be further divided into three classes, i.e., armchair, zigzag and chiral types, as 
shown in Figure 1.4 [15-17].  
The combination of unique structure, topology and dimensions assigns CNTs 
excellent electrical, thermal and mechanical properties. It is found that CNTs can 
carry very large current densities of up to 100 MA/cm
2
 [18]. Moreover, carrier 
mobility of semi-conducting nanotubes has been observed as high as 10
5
 cm
2
/Vs [19]. 
The thermal conductivities of CNT were measured as high as 3000 W/m K [20]. It 
also has demonstrated that CNTs have modulus values in the order of 1TPa [21]. The 
highest measured strength for a carbon nanotube was 63 GPa [22], which is an order 
of magnitude stronger than high strength carbon fibers. 
 
Figure 1. 3 Two types of CNTs 
 
(a) SWCNT (b) MWCNT 
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Figure 1. 4 Illustration of CNT chirality 
 
1.3.1.2 CNT based nanocomposites 
The excellent physical and chemical properties of CNTs make them the ideal 
reinforcements for structural composites including various matrices (i.e., polymer, 
ceramics, or metals) [23-26] and the promising candidates for making multifunctional 
nanocomposites [27-29] such as nano-electro-mechanical systems (NEMS) [30, 31], 
sensors and actuators/artificial muscles [32-34]. Among the above various 
applications of CNTs, the most exciting point is the expectation of being 
reinforcement phase for developing light weight and ultra-strong nanocomposites. In 
this study, we mainly focus on the CNTs reinforced FRPs nanocomposites. There are 
several methods as shown in Figure 1.5 to integrate CNTs into three-phase multi-scale 
CFRP nanocomposites. 
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Figure 1. 5 Schematic diagrams of toughening methods for CNT reinforced CFRP 
nanocomposites 
 
Figure 1. 6 SEM of three-phase nanocomposite CFRP (5 wt%-CSCNT) [38]  
 
 (1) Introducing CNTs into the matrix resin  
The most straightforward manufacturing process for hierarchical CNT reinforced FRP 
nanocomposites involves introducing the CNTs into the matrix resin system. Then the 
modified resin is impregnated into the primary fiber followed by a curing process to 
fabricate the CNT reinforced FRP nanocomposites. This approach generally has the 
advantages of simplicity and compatibility with standard industrial techniques, but is 
limited to relatively low loading fractions duo to the viscosity of a CNT-modified 
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matrix increases dramatically with increasing CNT content. In order to disperse CNT 
into the matrix resin system well, a number of different techniques have been 
developed which includes shear mixing, calendaring, extrusion, ultrasonication, ball 
milling and their combinations [16, 35-37]. With the great effort of researchers and 
engineers, a lot of CNTs based nanocomposites that possess excellent mechanical 
properties have been reported [38-45]. For example, by modifying the matrix resin 
with CNTs to fabricate the three-phase CFRP multi-scale composite as shown in 
Figure 1.6, Yokozeki et al. [38] experimentally verified the improvement of stiffness 
and strength due to good dispersion of cup-stacked carbon nanotube (CSCNT). 
Godara et al. [41] found that there is a substantial increase in Mode-I fracture 
toughness by over 80% for the pristine MWCNTs in combination with the whole 
epoxy resin modified by using a compatibilizer. Yokozeki et al. [46] reported that up 
to 300% improvement of interlaminar fracture toughness of CFRP can be obtained by 
using CSCNT dispersed resin as modified matrix. The improvement mechanism was 
illustrated in Figure 1.7 [47]. 
 
Figure 1. 7 Scenario of mechanical property improvement of CFRP by incorporation 
of nanofillers. [47] 
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 (2) Modifying fiber by attaching, grafting or growing CNTs on the fiber 
The idea of growing microfibers on the carbon fibers to produce a novel structure was 
first reported by Downs and Baker [48] as early as 1991. After that, Thostenson et al. 
[49] first synthesized CNTs via chemical vapor deposition (CVD) on the surface of 
carbon fibers successfully. Figure 1.8 presents the typical SEM image of fibers before 
and after the CNTs growth reaction. This method is able to use higher loadings of 
CNTs with a radial orientation dispersed in matrix, which is expected to be optimal 
for transverse reinforcement. It can also alleviate the agglomeration problem 
commonly observed when CNTs are freely dispersed in a matrix. A lot of works on 
this aspect have been reported [48, 50-55]. For example, a dramatic improvement (up 
to 150%) of the interfacial shear strength (IFSS) was obtained by Zhang et al. [56] for 
the composites containing CNT-grafted fibers. By grafting of aligned CNTs on to the 
conventional fiber surface to make a 3D hierarchical nanocomposite, Veedu et al. [54] 
demonstrated that 140%, 5% and 424% enhancements of the in-plane strength, 
modulus and toughness, respectively compared with the base composite. The 
schematic diagram of the steps to fabricate this nanocomposite is shown in Figure 1.9. 
Although the grafting or growing method is beneficial for CNT attachment, these 
chemical reactions in the CNT growing process may damage the primary fibers and 
therefore reduce their strength. 
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Figure 1. 8 SEM images of silica 
fibers before and after the CNT growth 
reaction [57] 
 
Figure 1. 9 Schematic diagram of the 
steps involved in the hierarchical 
manufacturing of a 3D composite [54]
(3) Adding CNTs to the laminar interface of composites 
Adding CNTs to the laminar interface of composites is less reported than the first two 
methods [58-60]. The most obvious merit of this method is that high loading of CNTs 
can be incorporated at the specific locations where needed to reinforce. Some useful 
techniques to fabricate multi-scale composites by this method have been developed. 
The transfer-printing technique was developed by Garcia et al. [60], in which aligned 
CNTs forests were introduced to the interface of CFRP prepregs using a cylindrical 
drum at room temperature. The schematic diagram of transfer-printing is shown in 
Figure 1.10. By employing this method, it was reported that the Mode-I fracture 
toughness was enhanced by 150-250%. Khan et al. [1] demonstrated 31% and 104% 
improvement in interlaminar shear strength and Mode-II fracture toughness of CFRPs 
respectively by using a partially cured epoxy-CNF bucky paper interleaf. Li et al. [59] 
employed a simple and newly-developed fabrication technology with low production 
cost, i.e., powder method to disperse VGCF at the middle plane of unidirectional 
[0
o
/0
o
]14 CFRP laminates during the hand lay-up process. The method is schematically 
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described in Figure 1.11. It was found that with 20 g/m² VGCF addition into the 
interface between two CFRP sub-laminates, the interlaminar Mode-I fracture 
toughness of the laminates was enhanced by 95.5%. 
 
 
Figure 1. 10 Transfer printing of 
vertically aligned CNTs to prepreg 
[60] 
 
 
Figure 1. 11 Powder method for 
dispersing VGCF between CFRP 
prepregs [59] 
 
Although many good results have been obtained for the laminar interface 
reinforcement, however, the measured mechanical properties of CNT reinforced bulk 
nanocomposites are often found far below their theoretically predicted potentials, the 
possible reasons may be associated with poor and random dispersion of CNTs, and 
breakage of CNTs during processing and weak interfacial interaction with polymer. 
Additionally, the expensive price of CNTs also acts as a role of hindrance for the 
extensive application of CNT based nanocomposites. Researchers are constantly 
looking for ways to solve these problems and finding a replacement for CNTs. 
1.3.2 Graphene and graphene based nanocomposites 
Very recently, a new type of two-dimensional nanomaterials, e.g., graphene, has been 
under the spotlight in the nanoworld [61] since 2004 when Geim and his co-workers 
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first successfully stripped graphene from a graphite flake using a “scotch-tape” 
method [62]. Graphene has been recognized as the ideal candidate for replacing 
CNTs. 
1.3.2.1 Structure and properties of graphene 
Graphene sheets consisting of one-atom-thick two-dimensional layers of sp
2
-bonded 
carbon, as shown in Figure 1.12, are predicted to have a range of unusual properties 
and have generated much interest due to their high speciﬁc area and outstanding of 
mechanical, electrical, and thermal properties [61, 63-67]. 
 
 
Figure 1. 12 Illustration structures of graphene 
    
Due to the sp² hybridized carbons in the structural composition, the monolayer 
graphene possesses superior mechanical properties with a reported modulus of 1100 
GPa and strength of 125 GPa [68]. Its fracture strength should be comparable to that 
of carbon nanotubes for similar types of defects. In addition, graphene also have high 
specific surface area (with a theoretical value of 2630-2965 m²/g) and low mass 
density [69]. All of these superior performances make graphene be an ideal nanofiller 
Graphene 
Armchair Zigzag 
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for making nanocomposite materials. It seems that graphene based nanofiller is a 
promising nanomaterial to replace the carbon nanotube in many key applications. This 
is probably due to several reasons: (1) the production of carbon nanotube usually 
requires expensive and intricate apparatus, as well as high energy consumption, e.g., 
chemical vapor decomposition, arc-discharging, laser ablation, etc. [70-72], while 
graphene and its derivative can be obtained from the plentiful resource of natural 
graphite by relatively convenient approaches [73]. (2) The micrometer size 
dimensions, high aspect ratio, and two-dimensional sheet geometry of graphene make 
it be strong along all its in-plane directions. While the one-dimensional and 
insufficient length carbon nanotube is only strong along its length direction. (3) The 
wrinkled and rough surface of graphene make it far more effectively form 
mechanically interlock with the matrix than the carbon nanotubes, easily leading to 
highly effective crack deflecting. Moreover, graphene platelets produced by thermal 
reduction of graphite oxide [74, 75] have residual hydroxyl and epoxide functional 
groups, which can interact covalently with the epoxy chains, thereby further 
promoting interfacial adhesion. [76] (4) The specific surface area of graphene powder 
was reported more than 700 m²/g, while it is in the range of 229-429 m²/g for SWCNT 
and MWCNT bulk powder [77]. All of these merits guarantee a bright future for 
dispersing graphene sheets as a reinforced phase into various matrices to make 
nanocomposites. 
Graphene can be produced by four methods that used most often: (1) Chemical 
vapor deposition [78, 79]. (2) Epitaxial growth of graphene films on electrically 
insulating substrates [80]. (3) Mechanical exfoliation of graphene from bulk graphite 
(e.g., using Scotch tape) [62]. (4) Reduction of graphene derivatives such as graphene 
oxide. The last method shows potential for the production of graphene sheets in the 
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bulk quantities that are necessary for application to composites [81, 82]. Although the 
reduction method of graphene derivatives has potential to fabricate bulk quantities of 
graphene, however, as for the current technology, there are still big challenges and 
high cost of manufacturing pure monolayer graphene. While the graphene oxide (GO), 
consisting of multiple stacked graphene layers and other functional groups, are 
showing more potential for practical applications. There are several reasons to state: 
(1) Graphene oxide is easy to fabricate with low cost. (2) Graphene oxide still 
possesses most physical properties of graphene although it has a partly damaged 
carbon structure [83]. (3) Graphene oxide is easily grafted with functional groups, the 
functionalities on the surface of graphene oxide can enhance the dispersion of 
graphene in polymeric matrices and the interfacial interaction between graphene and 
polymeric matrices [83]. 
1.3.2.2 Graphene based nanocomposites 
Due to its high speciﬁc area and excellent mechanical [84], electrical [85], and 
thermal [86] properties, graphene and its oxide have been successfully dispersed in 
many kinds of matrices (e.g., polymer, ceramic and metal) and are recognized as the 
ideal two-dimensional reinforcing component for improving mechanical [87-89], 
electrical [90, 91] and thermal [92, 93] properties of various kinds of nanocomposites.  
According to the different toughing requirements, the fabrication process of 
graphene based nanocomposites also can be classified into three categories. The first 
one is introducing graphene platelets into the whole matrix. The second one is directly 
spraying or attaching the graphene platelets on the reinforcing microfibres. The last 
one is adding graphene platelets to the laminar interface of the composite. For the first 
method, which is the most general way to make nanocomposites, a lot of works has 
been reported [94-96]. For example, Rafiee et al. [94], as shown in Figure 1.13, very 
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recently reported the fracture toughness and fatigue properties of functionalized 
graphene (FG)/epoxy nanocomposites. Only a very low level of 0.125 wt% FG was 
found to result in a remarkable increase in the fracture toughness and fracture energy 
up to 65% and 115%, respectively. Also, the reduction in the rate of crack propagation 
in the epoxy reached 25-fold. While to achieve comparable enhancement, carbon 
nanotube (CNT) and nanoparticle epoxy nanocomposites require one to two orders of 
magnitude larger weight fraction of nanofillers [41, 97, 98]. Lahiri et al. [95] added 
FG sheets as reinforcement into ultrahigh molecular weight polyethylene (UHMWPE), 
which possesses an intended application for orthopedic implants. They found that at a 
low concentration of 0.1 wt% FG, the nanocomposite film shows highest 
improvement in fracture toughness (54%) and tensile strength (71%) as compared to 
UHMWPE. Bortz et al. [96] also reported enhancements of 28-111% in Mode-I 
fracture toughness and up to 1580% in uniaxial tensile fatigue life through the 
addition of small amounts (1 wt%) of graphene oxide to an epoxy system. With regard 
to the second method, it received comparatively limited attention in the literatures [76, 
99]. Yavari et al. [76] introduced FG sheets into the glass-fiber/epoxy composites by 
two methods: (1) infiltrating into the epoxy resin matrix and (2) directly spraying FG 
sheets onto the glass fibers (E-glass woven fabric plies) prior to curing the 
nanocomposites. It was observed that three orders of magnitude increase in fatigue 
life and the number of cycles to failure for the case of FG directly spray-coated onto 
the glass fibers was about 8 times greater than that when the FG were uniformly 
dispersed in the resin. Zhang et al. [99], as show in Figure 1.14, directly coated 
graphene oxide sheets on the surface of individual carbon fibers. They observed that 
the interfacial shear strength (IFSS) of those nanocomposites could achieve about 
70.9% and 36.3% improvements compared with those of the virgin carbon fiber 
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composites and the commercial sizing modified carbon fiber composites, respectively. 
As for the last method, to our best knowledge, there is no report about this method so 
far. It is one of our focuses in the present research. 
      
Figure 1. 13 SEM image of graphene 
oxide dispersed in epoxy matrix [94] 
 
 
Figure 1. 14 SEM image of carbon 
fibers coated with graphene oxide [99]
As mentioned above, a lot of literatures have found that many graphene based 
nanocomposites possess higher mechanical properties, especially the fracture 
toughness and fatigue strength, compared to the CNTs based nanocomposites at the 
same loading of nanofillers. However, most of the graphene reinforced 
nanocomposites are two phase bulk ones. Rare works are devoted to the use of 
graphene and its oxide as mechanical reinforcement nanofillers for FRPs laminates. 
Therefore, more experimental and numerical works are needed for thoroughly 
understanding the reinforcement effects and mechanisms of graphene in FRPs 
laminates. 
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1.4 Toughening FMLs by modifying the interface morphology 
To improve the interlaminar mechanical properties of FML laminates, it is critical to 
enhance the adhesive bonding strength between the metal sheets and FRPs. Adhesive 
bonding is widely used in many engineering fields such as automobiles, aircrafts, 
paint coatings, semiconductor, and microelectronics industries which is a practical 
method for the joining of dissimilar materials (e.g. joining FRPs composites to metals) 
in replacing conventional joining techniques such as welding, bolting and riveting 
[100-104]. Adhesive joints offer many advantages when compared to traditional joins. 
The most significant advantage is the ability to have uniform stress distribution at the 
joints due to the large area involved in the joint geometry. Absence of holes that used 
in bolting and riveting prevents undesirable stress concentration that could result in 
failure of the joint. Moreover, adhesive bonding could be actually used to join all 
types of materials. Unlike welding, high temperatures are usually not necessary to 
create an adhesive joint [105]. Furthermore, it is reported that adhesive joints have 
good fatigue and damping properties [106]. Surface treatment methods are used 
commonly to improve the adhesive bonding strength. In this study, our main concern 
is focused on the adhesion strength of polymer/metal interface improved by surface 
treatment methods. 
1.4.1 Surface treatment methods 
Enhancing the adhesion properties of solid interfaces between metals and polymeric 
materials is one of the most important issues in materials science. In order to ensure 
reliability in adhesive joints, efforts have been made to develop adhesion strength 
enhancement techniques. One of the most studied methods is to modify the metal 
surface by various surface treatments which can offer many benefits for enhancing the 
adhesive bonding, for example, free from contamination, wettable with either primer 
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or adhesive, highly roughened, and mechanically and hydrolytically stable [107]. The 
surface treatments can be categorized to the following five groups (the five groups of 
surface treatment can be applied separately or in combination). (1) Mechanical 
treatment: this method typically involves abrasive scrubbing of the metal surface with 
sand paper to create a wettable and macro-rough surface [108]. (2) Chemical 
treatment: this treatment generally involves of immersion of the substrate in a solution 
of acid [109]. The acid etching treatment is an intermediate treatment between 
mechanical treatment such as degreasing, alkaline cleaning and electrochemical 
treatment [110]. (3) Electrochemical treatment: The most commonly applied 
electrochemical treatments are anodizing processes. Anodizing produces a thin oxide 
film, again with a high degree of micro-roughness and an oxide form which is highly 
resistant to hydration. It is confirmed by many researchers that this method is superior 
to the acid etching method [111]. (4) Coupling agent treatment: this method is by 
embedding a coupling agent e.g. silane or sol-gel, at the interface of metal/polymer to 
form a metal/coupling agent/polymer system. The enhancement of adhesive bonding 
is attributed to the formation of stable, covalent bonds between the metal (oxide) and 
the coupling agent [110]. (5) Dry surface treatments: Various dry surface treatment 
methods for metal alloy surfaces have been developed to replace chemical treatment 
process such as plasma-sprayed coating [113], excimer laser texturing [112], and ion 
beam enhanced deposition [114, 115]. All of these dry treatment methods may result 
in an increased bond strength and durability by modifying the substrate’s morphology 
and micro structure. In addition to the traditional surface treatment methods, very 
recently with the development of biomimetic materials, it has been found that many 
biological materials with superior mechanical properties have a wavy hierarchical 
structure as a common feature. Therefore, the bio-inspired method that modifies the 
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surface to a patterned hierarchical structure to enhance the adhesion strength of 
polymer/metal interface has attracted much attention recently.  
1.4.2 The interface bonding strength improved by surface treatment method 
As shown in Figure 1.15, there are two typical failure modes in the metal/polymer 
interface which are interfacial failure and cohesive failure. In the interfacial failure, 
cracking occurs between polymer adhesive and the metal surface, while in the 
cohesive failure, cracking occurs at the interface of similar materials (e.g., epoxy 
adhesive and epoxy matrix in a polymer composite) or within one material. Cohesive 
failure, caused by the molecular decohesion of the polymer resin, expends larger 
energy for crack propagation than interfacial failure, caused by the debonding of 
secondary bonds across the interface [116]. Moreover, cohesive failure usually makes 
the crack path deviate from the interface into polymer resin. Such deviation or 
deflecting of crack path away from the interface usually requires additional energy 
associated with the crack propagation. Furthermore, plastic energy dissipation in the 
bulk polymer material is effectively induced during cohesive failure rather than during 
interfacial failure. 
 (a)                    (b)                     (c) 
Figure 1. 15 Schematics of failure modes: (a) interfacial (b) cohesive (c) partial 
cohesive [128] 
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Among a number of mechanisms that account for the adhesion phenomenon 
between the interfaces of polymer and metal, chemical adsorption and physical 
mechanical interlocking are the predominant factors that contribute to the adhesion 
strength of metal-polymer interfaces [100-103]. If comparing the chemical adsorption 
with mechanical interlocking, the later one is the dominant factor of adhesion strength 
enhancement [117]. Mechanical interlocking is mainly caused by the rough surface of 
the metal sheet. When a liquid state adhesive is applied to the rough surface of metal 
sheet, it will conform to the rough surface and tend to fill up the irregularities of the 
substrate surface, such as microgrooves, holes and dips. Consequently, mechanical 
interlock is formed after the adhesive is cured which can induce much more cohesive 
failure in crack propagation therefore greatly improve the adhesive bonding strength. 
 Many efforts have been made to study the effect of mechanical interlocking 
induced by surface roughness on the adhesive strength [116, 118-127]. Based on 
interface fracture mechanics, Yao et al. [119] have developed a model to predict the 
enhancement of adhesive strength due to surface roughness. By investigating an 
epoxy/Aluminum interface, they found that adhesion enhancement increases very 
rapidly once the roughness exceeds certain threshold value. The increase tapers off 
quickly as the roughness further increases. Furthermore, sharp asperities on the 
roughness surface may yield greater adhesion enhancement. Lee et al. [120] 
introduced a simple adhesion model developed from the theory of ﬁber reinforcement 
of composite materials to explain the correlation between failure path and adhesion 
strength of the polymer/Cu interface. It is generally believed that the surface 
roughness directly affects adhesion strength. However, a recent study conducted by 
Kim et al. [118], found that surface roughness is only an indirect parameter that 
contributes adhesion strength improvement while the area fraction of cohesive failure 
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may give out rather direct correlation to adhesion strength. They systematically 
investigated the influence of surface morphology on the adhesion strength of a 
CFRP/Steel bond by incorporating micro periodic line patterned surface (as shown in 
Figure 1.16) on the metal substrate. They pointed out that the major source of strength 
enhancement caused by metal surface topography modification in polymer/metal 
bonded joints is the transition from interfacial failure to cohesive failure, and the 
micro patterned surface can effectively enhance the adhesive strength. On the basis of 
Kim's work, Yun et al. [116] confirmed the enhanced adhesion performance by about 
40% via the micro periodic square-shaped dot patterns compared to conventional 
methods. Such remarkable enhancement in the adhesion of the dot patterned steel is 
due to the increased cohesive fracture area and topological interlocking. Both studies 
of Kim and Yun were about the enhancement of the adhesive strength of 
polymer/metal interface based on micro patterned surface. While, nano- and 
micro-scale surface treatment effects on adhesion strength improvement for CFRP/Al 
interfaces were investigated by Jang et al. [121]. Micro-scale line pattern was made on 
the Al surface by using conventional photolithography and acid etching. Anodizing 
process was employed to create uniform nano-porous morphology across the whole 
line pattern region on the Al specimen. The results showed that the specimen with 
nano-scale morphology in micro-scale line pattern resulted in the highest maximum 
load bearing capacity compared with that of only with micro-scale line pattern. This 
illustrated that mechanical interlocking effect by micro-scale pattern can be increased 
by nano-scale surface morphology which promoting additional adhesion strength at 
the interfaces. All of the aforementioned studies imply that we can significantly 
toughen the polymer/metal interface by properly designing the morphology of the 
metal surface. 
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Figure 1. 16 SEM micrographs of line-patterned steel surfaces [118] 
 
1.5 Objectives and outlines 
The purpose of this study is to improve the interlaminar mechanical properties of 
CFRP and FMLs laminates by three promising toughening methods: (1) by 
introducing various nanofillers into the laminated composites, (2) by acid etching 
treatment to enhance the surface roughness of metal sheet, (3) by modifying the 
morphology of metal lamina surface to patterned hierarchical structure to enhance the 
interface bonding between the metal and polymer of FMLs. The main work in this 
investigation includes both experiments and numerical simulations. Brief outlines of 
the topics covered in various chapters are given below. 
Chapter 1 presents the background and general objectives of this thesis. In 
chapter 2, the effects of carbon black (CB) and graphene oxide (GO) reinforced epoxy 
(i.e., CB-epoxy) interleaf on the improvement of the interlaminar mechanical 
properties of CFRP laminates were systematically investigated. Three toughening 
methods including acid etching and mechanical patterning for surface treatment of Al 
alloy sheet, as well as addition of nanofiller (i.e., vapor grown carbon fiber (VGCF)) 
to the interface of FRP laminate and metal sheet for both CARALL and GLARE, were 
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investigated in chapter 3. In chapter 4, finite element analyses were carried out based 
on cohesive zone model to numerically simulate delamination propagation in CFRP 
and FML laminates. Chapter 5 is the conclusion part of this dissertation. The main 
achievements are highlighted and future work is suggested. 
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2 Improvement of interface mechanical 
properties for CFRP laminates 
 
In this chapter, carbon black (CB) and graphene oxide (GO) reinforced epoxy (i.e., 
CB-epoxy and GO-epoxy) interleafs were employed to improve the interlaminar 
mechanical properties of carbon fiber reinforced plastic (CFRP) laminates. Double 
cantilever beam tests showed that the Mode-I fracture toughness was increased with 
addition of CB and GO-epoxy interleafs. With 15 g/m
2
 addition of CB, the CFRP 
laminates demonstrated the highest Mode-I fracture toughness and resistance, which 
were 50.3% and 88.6% higher than those of pristine CFRP laminates, respectively. 
End notched flexure tests demonstrated the similar toughening effect of CB-epoxy 
interleaf on the Mode-II fracture toughness of CFRP laminates. With 10 g/m
2
 addition 
of CB, the CFRP laminates demonstrated the highest Mode-II fracture toughness, 
which was 145% higher than those of pristine CFRP laminates. With the incorporation 
of GO reinforced epoxy interleaf into the interface of CFRP laminates, much larger 
increasing ratios in Mode-I fracture toughness and resistance could be achieved which 
was 170.8% and 108.0%, respectively with 2 g/m
2
 GO addition. The improvement 
mechanisms were investigated by the observation of fractured surface with scanning 
electron microscopies. 
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2.1 Introduction 
Owing to their high specific modulus and strength, carbon fiber reinforced plastic 
(CFRP) have attracted great scientific and industrial interest and are extensively used 
in many structural applications including aerospace, automobile, civil and marine 
structures where high performance and lightweight of structures are essential [1, 2]. 
However, as a laminated structure, CFRP laminates are extremely susceptible to crack 
initiation and propagation along the laminar interfaces. Delamination is one of the 
most prevalent life-limiting crack growth mode, which will cause severe reductions in 
in-plane compressive strength and stiffness, and may lead to catastrophic failure of a 
whole structure. Consequently, it is very important to develop new strategies to 
improve the interlaminar strength of CFRP. 
In order to improve the interlaminar mechanical properties of CFRP laminates, 
various through-thickness reinforcement methods such as transverse stitching [3], 
z-pinning [4] and three-dimensional weaving [5] have been developed. These methods 
have been proven to be effective in alleviating delamination and subsequent buckling 
in CFRP laminates but with loss of in-plane mechanical properties to a certain extent. 
Recently, great attention has been paid to the employment of some nanofillers in 
either the whole matrix or the interlaminar interface of CFRPs with the hope of 
remedying the relatively low interlaminar strength of CFRPs [6-11]. Nanoparticles 
such as SiO2 particle [12], carbon black (CB) [13] and nanofibers such as carbon 
nanotube (CNT) [9, 14], vapor grow carbon fiber (VGCF) [8, 10], etc., were widely 
employed. For example, it was shown that the addition of 20 g/m
2
 VGCF into the 
interface of two CFRP sublaminates could increase the Mode-I fracture toughness by 
95.5% [8]. In addition, it was reported that cup-stacked carbon nanotubes (CSCNT) 
used in both epoxy matrix and the interface of CFRP sublaminates increased the 
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fracture toughness by threefold [9]. Also, the addition of a CNT reinforced non-woven 
carbon tissue interleaf to the interface of CFRP sublaminates increased the Mode-I 
and Mode-II fracture toughnesses with 35.3% and 246%, respectively [14]. Although 
these nanofillers can effectively enhance the interlaminar mechanical properties of 
CFRP laminates, they are generally expensive which impede their extensive 
applications. Therefore, the relatively cheap CB has aroused great interest, with 
success as conducting and reinforcement filler for rubber and polymer [13, 15-18]. 
For example, the toughening effect of CB on the modified bisphenol-A type epoxy 
resin at room and cryogenic temperatures has been explored [15]. It was reported that 
3.0 wt% CB could increase the fracture toughness by 23% due to nano-scale crack 
branching and pinning effect. Ma et al. [16] indicated that hybrid fillers of CB and 
CNTs dispersed into epoxy matrix improved the fracture toughness of the epoxy 
matrix, where CB particles played an important role in changing the fracture behavior 
from brittle to ductile. Another hybrid pattern of CB particle and copper chloride (CC) 
electrolyte used in the epoxy matrix of CFRP demonstrated the 36.1% and 12.7% 
increases of the Mode-I and Mode-II fracture toughnesses of CFRP laminates [13]. 
Another technique using epoxy interleaf has also been proposed. Hojo et al. [19] 
investigated the effect of self-same epoxy interleaf on the Mode-I and Mode-II 
interlaminar fracture toughnesses of CFRP laminates. The results showed that using 
50 μm-epoxy-interleaf, the Mode-II fracture toughness of CFRP laminates was 
increased by 1.6 times, while Mode-I fracture toughness had no obvious change. In 
spite of the above mentioned progresses, the synergetic effect of epoxy interleaf with 
CB on the interlaminar fracture toughness of CFRP laminates has not been 
investigated. Therefore, in this work, the CB reinforced epoxy (CB-epoxy) interleaf 
was employed at the interface of CFRP sublaminates with the hope to improve the 
 41 
 
interlaminar mechanical properties of CFRP laminates. Double cantilever bending 
(DCB) and end notched flexure (ENF) tests demonstrated remarkable increases of 
both Mode-I and Mode-II fracture toughnesses. 
Recently, graphene [20], a new 2-D nanomaterial which is constructed by a 
single-atom-thick sheet of sp²-bonded carbon atoms, has been under the spotlight in 
the nanoworld. Due to its high speciﬁc area and excellent mechanical [21], electrical 
[22], and thermal [23] properties, graphene is recognized as the ideal two-dimensional 
reinforcing component for improving mechanical [24-26], electrical [27, 28] and 
thermal [29, 30] properties of nanocomposites. For example, Rafiee et al. [31] 
investigated the mechanical properties of functionalized graphene (FG)/epoxy 
nanocomposites. Only a very low level of 0.1 wt% FG was found to result in a 
remarkable increase in the tensile strength and fracture toughness up to 40% and 53%, 
respectively. Zhao et al. [32] reported 150% improvement of tensile strength and a 
nearly 10 times increase of Young’s modulus was obtained at a graphene loading of 
1.8 vol.%. Although the graphene nanofiller has great potentials to improve the 
mechanical properties of various nanocomposites, there are still some big technical 
challenges, e.g., high cost of manufacturing pure monolayer graphene. Furthermore, 
duo to its strong van der Waals interactions and high specific surface area, it is very 
difficult to disperse a large amount of graphene into polymer or other matrices. While 
the graphene oxide (GO), consisting of graphene derived sheets and other functional 
groups such as hydroxyl, epoxide, carbonyl and carboxylic, are showing more 
potential for practical applications. GO is easy to fabricate with low cost however still 
possesses most physical properties of graphene. The functionalities on the surface of 
GO can enhance the dispersion of GO in polymeric matrices and the interfacial 
interaction between graphene and polymeric matrices. Considerable works have 
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demonstrated that GO sheets are potentially effective reinforcements in polymer 
[33-38], ceramic [39-41] nanocomposites. However, up to date, there are only few 
works concerning about the use of GO as mechanical reinforcement nanofillers for 
FRPs laminates. For example, Mannov et al. [42] investigated the residual 
compressive properties of both CFRP and GFRP composites by adding thermally 
reduced graphene oxide (TrGO) into epoxy resin. It was found that residual 
compressive properties of the laminates increased 35% and 55%, respectively, for the 
modified CFRP and GFRP specimens when compared to unmodified specimens. 
Yavari et al. [43] introduced TrGO sheets into the GFRP composites by infiltrating 
into the epoxy resin matrix as well as directly spraying onto the glass fibers. The 
graphene fillers resulted in 1200-fold and 3-5 fold increases in the flexural bending 
and uniaxial tensile fatigue life, respectively. Moreover, it was found that the fatigue 
life for the specimens with TrGO spray-coated onto the glass fibers was much longer 
than the corresponding specimens with TrGO uniformly dispersed in the epoxy resin. 
Zhang et al. [44] directly introduced GO sheets dispersed in the fiber sizing which is 
used to coat on the surface of individual carbon fibers. They observed that the 
interfacial shear strength (IFSS) of those nanocomposites could achieve about 70.9% 
and 36.3% improvements compared with that of the virgin carbon fiber composites 
and the commercial sizing modified carbon fiber composites, respectively. In spite of 
the above mentioned progresses, to our best knowledge, there is no report about 
employing GO as interleaf inserted into the interlaminar interface of FRPs, and its 
effects on the interlaminar fracture toughness were not be investigated.  
In this study, the GO sheets were first dispersed in the epoxy resin, and then the 
GO reinforced epoxy (GO-epoxy) interleaf was directly introduced into the interface 
of CFRP sublaminates with the hope to improve the interlaminar mechanical 
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properties of CFRP laminates. DCB tests were performed to investigate the synergetic 
effect of the GO-epoxy interleaf on the interlaminar fracture toughness of CFRP 
laminates. The toughening mechanisms were investigated in detail by the observation 
of fractured surfaces. 
 
2.2 Experiments 
2.2.1 Materials  
Unidirectional CFRP prepregs (TOHO TENAX Co., Ltd, Japan), as shown in Figure 
2.1, were employed to fabricate the CFRP laminates, where the diameter of carbon 
fiber (CF) was 7 μm, and the volume content of CF was 65%. Insulating bisphenol-F 
epoxy resin (JER806) was purchased from Japan Epoxy Resins Co., Ltd, Japan.  
 
 
Figure 2. 1 CFRP prepregs 
 
CB powder (#300 ISAF) was provided by NSCC Carbon Co., Ltd, Japan. The 
CB microstructure was characterized by the transmission electron microscopy (TEM), 
high-resolution TEM (HRTEM), and selected-area diffraction pattern (SADP) using 
JEOL JEM-2010F electron microscope operated at an accelerating voltage of 200 kV. 
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As shown in Figure 2.2, the CB particles are in general of amorphous nature (inset of 
Figure 2.2(a)), and their average diameter is ~36 nm and the diameter of cluster is 
~192 nm. The specific surface area of CB is 61 m
2
/g. 
 
 
Figure 2. 2 TEM image of CB: (a) bright-field TEM image; the inset shows the 
selected-area diffraction pattern of the CB; (b) HRTEM image. 
 
GO used in this study was prepared by oxidation of graphite powder using a 
modiﬁed Hummers method as reported in Refs. [45, 46], Scanning electron 
microscope (SEM) of the GO flakes was shown in Figure 2.3(a), the platelets were 
observed to be several to dozens of micrometers in size. Figure 2.3(b) shows the 
typical transmission electron microscopy (TEM) image of the GO flakes. Figures 
2.3(c) and 2.3(d) illustrate the high-resolution TEM (HRTEM) image and its FFT 
image of GO monolayer which reveals small ripple and honeycomb structure of GO 
monolayer. Note that the ripple structure in GO sheet could play an important role in 
enhancing mechanical interlocking and load transfer with the matrix [31]. Figure 2.3(e) 
presents the AFM image of GO flakes. The thickness of the as-prepared GO flakes 
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were around 1-2 nm, which indicates that the as-prepared GO flakes were composed 
of 1-2 layers of individual GO sheet. The measured thickness of individual GO sheet 
used in this study was slightly larger than the theoretical value of 0.78 nm for single 
layer graphene which may be resulted from the oxygen-containing groups, such as 
epoxy and hydroxyl groups, on the GO surfaces. The x-ray photoelectron 
spectroscopy (XPS), as shown in Figure 2.4, was employed to evaluate the 
quantification of the oxygen-containing functional groups on the surface of GO. The 
C1s XPS spectrum of GO was fitted and assigned into three corresponding carbon 
atoms components at different positions. The binding energies at 284.8 eV, 286.7 eV 
and 288.2 eV are assigned to C-C, C-O and C=O respectively. The presence of 
various oxygen containing functional groups enable the obtained GO flakes to 
disperse well in aqueous and provide GO high affinity with plenty of polymeric 
materials. 
2.2.2 Fabrication of CFRP laminates toughened by CB and GO-epoxy interleaf 
The CB (or GO) reinforced epoxy paste serving as reinforcing interleaf was first 
fabricated. The corresponding fabrication process is illustrated in Figure 2.5. First, the 
CB powder (or prepared GO aqueous solution) was dispersed into the melting agent, 
N,N-Dimethylformamide (DMF, Wako Pure Chemical Industries Co., Ltd., Japan), 
using an ultrasonic dispersion machine (UH-600 SMT Co., Ltd., Japan) for 15 min. 
Then, epoxy was poured into the CB (or GO) and DMF solution; the solution was 
stirred by a planetary centrifugal mixer at 2000 rpm for 10 min. After that, the mixture 
was further processed by ultrasonic vibration for 15 min and mechanically stirred by 
planetary centrifugal mixer at 2000 rpm for 10 min respectively to disperse CB ( or 
GO) better. After heating the final mixture in a vacuum oven (AVO-250N, AS ONE 
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Co., Ltd., Japan) at 90 
o
C for 12 h to remove the DMF solvent, the CB (or GO)-epoxy 
paste was obtained. 
 
Figure 2. 3 Characterization of GO (a) SEM image of GO flakes, (b) Bright-field 
TEM image of a typical GO flake deposited on a standard TEM grid, (c) and (d) 
HR-TEM image and its FFT image reveal small ripple and honeycomb structure of 
GO, (e) Typical AFM image of the GO sheet with a height profile.  
 
Figure 2. 4 XPS C1s spectrum of GO sheets 
 
C-C  
47.05% 
C-O  
42.49% 
C(O)O  
  10.46% 
280 282 284 286 288 290 292 294
In
te
n
si
ty
 (
a
.u
.)
Binding energy (eV)
 C(O)O
 C-C
 C-O
 Fitted curve
 47 
 
 
Figure 2. 5 Schematic illustration of specimen fabrication process 
 
As shown in Figure 2.5, 24 pieces of CFRP prepregs were stacked together 
through a lay-up process to form two pieces of [0
o
]12 CFRP sublaminates. The 
obtained paste was evenly spread at one surface of each sub-laminate using a metallic 
roller. Note that this process may stir CFs on the prepreg surface, resulting in more 
fiber bridging. A polyamide film (Kapton, Toray Inc.) of 25 μm thickness was put on 
one side of one sublaminate to create an initial crack. Finally, the above two 
sublaminates were bonded together at the CB (or GO)-epoxy painted side by curing 
them in the hot press (SA-302, TESTER SANGYO Co., Ltd, Japan) at 130 
o
C and 0.7 
MPa for 4 h, and then CFRP laminates reinforced by CB (or GO)-epoxy interleaf 
were obtained.  
To systematically investigate the effects of interleaf on the fracture toughness of 
CFRP laminates, as shown in Table 2.1, 8 types of CFRP laminates with CB (or 
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GO)-epoxy interleaf were prepared, where the area density of CB and GO were varied 
from 0 g/m
2
 to 20 g/m
2
 and 0 g/m
2
 to 3 g/m
2
 respectively, but the area density of 
epoxy were kept as an constant, i.e., 215 g/m
2
 for all the specimens. For simplicity, 
these CFRP laminates with CB-epoxy interleaf are referred as CB0, CB10, CB15 and 
CB20, respectively, where “CB” denotes the addition of CB-epoxy interleaf at the 
interface between two CFRP sublaminates, and the numbers, i.e., “0, 10, 15 and 20” 
represent the corresponding area density of CB in the unit of g/m
2
. Similarly, The 
CFRP laminates with GO-epoxy interleaf are referred as GO0, GO1, GO2 and GO3 
respectively, where “GO” denotes the addition of GO-epoxy interleaf at the interface 
between two CFRP sublaminates, and the numbers, i.e., “0, 1, 2 and 3” represent the 
corresponding area density of GO in the unit of g/m
2
. Moreover, CFRP laminates 
without interleaf, i.e., “Plain”, was also prepared for reference. 
 
Table 2. 1 Laminate configuration of specimens 
 
Specimens Fiber direction / Nanofiller loadings [g/m
2
] / Fiber 
direction 
Plain 0°(12plies) / none / 0°(12plies) 
CB(0) or GO(0) 0°(12plies) / epoxy / 0°(12plies) 
CB(10) 0°(12plies) / 10 [g/m
2
]+epoxy/ 0°(12plies) 
CB(15) 0°(12plies) / 15 [g/m
2
]+epoxy / 0°(12plies) 
CB(20) 0°(12plies) / 20 [g/m
2
]+epoxy / 0°(12plies) 
GO(1) 0°(12plies) / 1 [g/m
2
]+epoxy / 0°(12plies) 
GO(2) 0°(12plies) / 2 [g/m
2
]+epoxy / 0°(12plies) 
GO(3) 0°(12plies) / 3 [g/m
2
]+epoxy / 0°(12plies) 
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2.2.3 DCB and ENF tests 
To evaluate the Mode-I and Mode-II interlaminar fracture toughnesses, DCB and ENF 
tests were performed using a universal material testing machine (5982, Instron Co., 
United States) at room temperature according to Japanese Industrial Standards [47]. 
As schematically illustrated by Figure 2.6, DCB specimens were cut from the above 
fabricated laminates. For each type of laminate, three specimens were prepared. Here, 
L, H and B are the length, half height and width of the specimen, respectively. Initial 
crack length a indicates the distance between initial crack tip and loading point in the 
longitudinal direction. Crack increment a denotes crack propagation, which can be 
measured by using the mark lines painted on the side surface of the specimen. Two Al 
tabs were attached to one end of the specimen to impose tensile load with a special 
apparatus through universal joints. The tensile load was applied at a crosshead speed 
of 0.5 mm/min. Tests were stopped when the increment of crack length a reaches 40 
mm. The applied load P and the crack opening displacement (COD) were recorded. 
By using the compliance calibration method in classical fracture mechanics, 
Mode-I interlaminar fracture toughness can be calculated by the following equation. 
2
3
0
IC
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( )3
2(2 )
CP BG
H B a
 
  
                      
(2.1) 
Here, PC is the critical load at the initialization of crack growth. is the compliance 
of load-COD curve at crack initiation point. By using the experimental relationship 
between the crack length a and the compliance , a1 and a0 can be fitted from the 
following equation,
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Similarly, ENF specimens were also prepared as schematically shown in Figure 
2.7. The compressive load was applied at the middle point of the specimen at the same 
crosshead speed of 0.5 mm/min as that in DCB tests. Based on the linear elastic 
fracture mechanics, the energy release rate, i.e., GIIC, can be calculated through the 
following equation [48], 
2
2
P dC
G
B da
                             (2.3) 
where P is load , a is crack length, B is specimen width and C represents compliance. 
For the ENF test, the compliance, C, is expressed [49] as follows: 
3 3
3
2 3
8 b
L a
C
P E Bh
 
                            (2.4) 
where L, and h are half of span length and half of thickness of the specimen. δ and Eb 
are deflection of the loading point and effective bending modulus in the axial 
direction, respectively. Substituting Equation (2.4) into Equation (2.3), the Mode-II 
critical energy release rate, GIIC, can be expressed as follows, 
2 2
2 3
9
16
C
IIC
b
a P
G
E B h
                           (2.5) 
where PC is the critical load at the initialization of crack growth. By substituting 
Equation (2.4) into Equation (2.5), the Mode-II fracture toughness can be finally 
evaluated as follows: 
2
3 3
9
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IIC
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
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
                         (2.6) 
where δc is the critical deflection value at the loading point. 
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L=150 mm; B=20 mm; 2H=3.13~ mm,  
Initial crack length ao=34 mm, af =40 mm  
Figure 2. 6 Schematic illustration of specimen for DCB tests 
 
 
ℓ=140 mm; L=50 mm; B=20 mm; 2H=3.13~ mm; 
Initial crack length ao=22 mm, a=40 mm 
Figure 2. 7 Schematic illustration of specimen for ENF tests 
 
2.3 Results and discussion 
2.3.1 Toughening effect of CB-epoxy interleaf on the interlaminar mechanical 
properties of CFRP laminates 
2.3.1.1 Mode-I interlaminar fracture toughness 
Figure 2.8 shows representative Mode-I load-COD curves of five types of specimens 
(i.e., Plain, CB0, CB10, CB15, and CB20). In this figure, the load P in the initial stage 
increases rapidly before the peak, and then deceases. Note that, for the CB0 
specimens with only epoxy in the interleaf, the PC, GIC (Mode-I fracture toughness) 
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and GIR (Mode-I fracture resistance) were obtained as 39.83 N, 0.163 KJ/m
2 
and 0.443 
KJ/m
2
, respectively, which were almost the same as those of the Plain specimen. This 
phenomenon is similar to that in [20]. Therefore, for simplicity, only the Plain, CB10, 
CB15 and CB20 specimens were discussed in the following content of this section. 
The peak loads PC in load-COD curves of the above laminates are summarized in 
Figure 2.9. Obviously, the PC of all the specimens with insertion of CB-epoxy 
interleaf (i.e., CB10, CB15 and CB20) are higher than that of the Plain specimen, 
which indicates the reinforcement effect of CB-epoxy interleaf. Moreover, with 
increasing addition of CB at the interleaf, the PC increases initially to a peak, and then 
decreases. The highest PC is observed in CB15 specimen with 15 g/m
2
 CB addition in 
the interleaf, which is about 18% higher than that of Plain specimen. Note that the 
peak load PC may not be the maximum load (see Figure 2.8), the maximum loads of 
CB10 and CB15 are also much higher than that of the Plain specimen. 
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Figure 2. 8 Representative load-COD curves for all kinds of specimens 
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Figure 2. 9 Critical load PC for various specimens 
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Figure 2. 10 Comparison of R-curves for various specimens 
 
Figure 2.10 shows the relationship between fracture toughness and crack 
increment (i.e., R-curves) for all the tested laminates. Clearly, Mode-I fracture 
toughness increases with crack propagation. The corresponding Mode-I fracture 
toughness GIC and fracture resistance GIR are shown in Figure 2.11. Note that GIC was 
obtained from the crack initiation point of R-curve and GIR was averaged by the 
values of 5 points when a increases from 20 mm to 40 mm. In Figure 2.11, the 
similar changing trend of fracture toughness with that of PC can be found. As the CB 
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addition increases, both GIC and GIR initially increase to the maximum and then 
decrease. The largest GIC and GIR are also observed in CB15 with 15 g/m
2
 CB 
addition in the interleaf, which are 50.3% and 88.6% higher than those of Plain, 
respectively (see Figure 2.12). 
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Figure 2. 11 Comparison of Mode-I fracture toughness and resistance for various 
specimens 
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Figure 2. 12 Increasing rates of Mode-I fracture toughness and resistance for various 
specimens 
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Figure 2. 13 Comparison of load-displacement curves for all kinds of specimens 
 
2.3.1.2 Mode-II interlaminar fracture toughness 
The typical load-displacement curves of Plain, CB0, CB10, CB15, and CB20 
specimens in ENF tests are plotted in Figure 2.13. It can be observed that the load 
linearly increases to the peak, and then suddenly drops due to crack propagation. 
Moreover, the slope of the initial linear stage of load-displacement curves increases 
with the insertion of CB-epoxy interleaf, which implies the increase of global bending 
stiffness. The peak load, i.e., critical load PC and Mode-II fracture toughness GIIC of 
all the tested specimens are shown in Figure 2.14. With insertion of various CB-epoxy 
interleafs (i.e., CB0, CB10, CB15, and CB20), both PC and GIIC increase significantly. 
Moreover, with increasing CB addition in the interleaf, both PC and GIIC initially 
increase and then decrease. The largest PIIC and GIIC are observed in CB10 with 10 
g/m
2
 CB addition, which are 60.7% and 145.4% higher than those of Plain (see Figure 
2.15). Note that, compared to Plain, the increasing rates of PC and GIIC for CB0 (only 
using epoxy interleaf) are only 36.53% and 90.89% in Figure 2.15, highlighting the 
toughening effect of CB addition. By comprehensively considering Mode-I and 
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Mode-II cases, the optimal CB loading is suggested to be around 15 g/m
2
, as there are 
only very small differences in PIIC and GIIC between CB10 and CB15. 
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Figure 2. 14 Comparison of critical load and Mode-II fracture toughness for all kinds 
of CFRP laminates 
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Figure 2. 15 Increasing rates of fracture toughness and critical load for all kind of 
specimens. 
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2.3.1.3 Fractured surface morphology 
To uncover the involved toughening mechanism, fractured surfaces of the DCB tested 
laminates at the crack initiation position in Figure 2.6 were observed by a scanning 
electron microscope (SEM) (JSM-6510A, JEOL Ltd.). 
Figure 2.16 shows the SEM images of 4 types of laminates after DCB tests under 
Mode-I loading. As shown in Figure 2.16(a), the delamination of CF and epoxy 
matrix and the brittle fracture of epoxy indicate the weak bonding between CF and 
epoxy matrix, and explains the relatively low Mode-I fracture toughness in Plain 
specimen. As shown in Figures 2.16(b) and 2.16(c), more irregular and rough 
fractured surface indicates larger fracture area because of the occurrence of crack 
deflection and plastic deformation during crack propagation. All of them require 
higher driving force and consume larger energy during crack propagation. Moreover, 
the presence of exposed and fractured CF fibers demonstrates the CF bridging 
behavior during crack propagation, which hinders crack propagation and causes 
additional energy consumption. Furthermore, high magnification SEM image shows 
the good bonding of CFs, suggesting strong interfacial adhesion between epoxy resin 
and CFs. All of these evidences indicate the synergistic effect of the interleaf in CFPR 
laminates, and therefore support the higher Mode-I fracture toughnesses of CB10 and 
CB15 compared to that of Plain in Figure 2.11. Another possible reason for the 
improvement of fracture toughness is that the added CBs may release the crack-tip 
stress triaxiality and promote matrix shear plasticity [50]. As shown in Figure 2.16(d), 
although irregular and rough fractured surface is also identified in CB20, less exposed 
CFs is observed. It indicates that the overdose of CB may result in nanofiller 
aggregation in epoxy resin and weak CF bridging, which make the fracture of 
interleaf itself without exploiting the full advantage of CFRP. Therefore, the Mode-I 
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fracture toughness of CB20 is only slightly higher than that of Plain specimen. This 
was also confirmed by the dispersion state of CB in different specimens in Figure 2.17. 
Obviously, CBs are well dispersed in CB10 (Figure 2.17(a)) and CB15 (Figure 
2.17(b)) specimens. However, for CB20 (Figure 2.17(c)), when the surface density of 
CB in the interleaf increases to 20 g/m
2
, poorly dispersed CBs and small voids were 
observed clearly.  
 
 
Figure 2. 16 Fractured surfaces of Mode-I CFRP laminates: (a) Plain; (b) CB10; (c) 
CB15; (d) CB20 
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Figure 2. 17 Carbon black dispersion condition: (a) CB10; (b) CB15; (c) CB20 
 
Figure 2.18 shows the SEM images of the fractured surfaces of 4 types of 
laminates after ENF tests under Mode-II loading. Typical shear lips for the Mode-II 
deformation were observed in all these specimens. Clearly, when compared to those 
of Plain specimen, the number and size of shear lips increase with addition of 
CB-epoxy interleaf. The more and larger shear lips indicate larger damage zones and 
more plastic deformation, which explain the higher Mode-II fracture toughness of the 
three CB added specimens. 
In addition, it can be found from Figure 2.18(a) that, after fracture, many CFs 
were exposed with less epoxy resin covering them in Plain specimen. However, for 
CB10 and CB15 specimens, as shown in Figure 2.18(b) and 2.18(c), CFs were 
embedded in CB reinforced epoxy resin and tightly bonded with it after fracture. This 
indicates that stronger interfacial adhesion between CF and epoxy resin for CB10 and 
CB15 specimens was realized after toughened by CB-epoxy interleaf. Better 
interfacial adhesion between epoxy resin and CF also contributes to the improvement 
of Mode-II fracture toughness. For the CB20 specimen, its relatively low Mode-II 
fracture toughness may be ascribed to the aggregation of CB which is confirmed as 
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that in Figure 2.17(c). As such aggregations are detrimental to the toughness of epoxy 
and the adhesion strength between epoxy resin and CF, less energy is consumed 
during the formation of shear lips in CB20, suggesting its lower fracture toughness 
compared to those of CB10 and CB15. Figure 2.18(d) shows the complete debonding 
of a lot of CFs from the matrix, indicating low interface strength in this specimen. 
 
 
Figure 2. 18 Fractured surfaces of Mode-II CFRP laminates: (a) Plain; (b) CB10; (c) 
CB15; (d) CB20 
 
2.3.2 Toughening effect of GO-epoxy interleaf on the interlaminar mechanical 
properties of CFRP laminates 
2.3.2.1 Mode-I interlaminar fracture toughness 
Representative Mode-I load-COD curves of five types of CFRP specimens (i.e., Plain, 
GO0, GO1, GO2, and GO3) are show in Figure 2.19. The tensile load P in the initial 
stage increases rapidly in a linear manner, then a little suddenly drop was occurred 
due to crack began to propagate at the critical load point, followed by a nonlinearly 
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increase before the peak, and finally gradually deceases. The critical loads PC in 
load-COD curves of the above laminates are summarized in Figure 2.20. Obviously, 
the PC of all the specimens with insertion of GO-epoxy interleaf (i.e., GO1, GO2 and 
GO3) are higher than that of the Plain specimen except the GO0 specimen, which 
indicates the reinforcement effect of GO-epoxy interleaf. Moreover, with increasing 
addition of GO at the interleaf, the PC increases initially to a peak, and then decreases. 
The highest PC is observed in GO2 specimen with 2 g/m
2
 GO addition in the interleaf, 
which is about 18% higher than that of Plain specimen. Note that the critical load PC 
may not be the maximum load (see Figure 2.19), the maximum loads of the specimen 
with GO-epoxy interleaf are also much higher than that of the Plain specimen.  
 
 
Figure 2. 19 Representative load-COD curves for all kinds of specimens 
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Figure 2. 20 Critical load PC for various specimens 
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Figure 2. 21 Comparison of R-curves for various specimens 
 
The relationship between fracture toughness and crack increment (i.e., R-curves) for 
all the tested laminates is illustrated in Figure 2.21. It can be found that the Mode-I 
fracture toughness increases with the crack length a which is mainly attribute to 
fiber bridging on the fractured surface. The corresponding Mode-I fracture toughness 
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GIC and fracture resistance GIR are shown in Figure 2.22. Note that GIC was obtained 
from the crack initiation point of R-curve and GIR was averaged by the values of 5 
points when a increases from 20 mm to 40 mm. In Figure 2.22, the similar changing 
trend of fracture toughness with that of PC can be found. Both GIC and GIR initially 
increase until to a maximum value and then decrease with the increasing addition of 
GO. The largest GIC and GIR are also observed in GO2 with 2 g/m
2
 GO addition in the 
interleaf, which are remarkably 170.8% and 108.0% higher than those of Plain, 
respectively (see Figure 2.23). It should be noted that, for the GO0 specimens with 
only epoxy in the interleaf, the PC, GIC and GIR were obtained as 39.83 N, 0.163 
KJ/m
2 
and 0.443 KJ/m
2
, respectively, which were almost the same as those of the 
Plain specimen. This phenomenon is similar to that in [19]. 
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Figure 2. 22 Comparison of Mode-I fracture toughness and resistance for various 
specimens 
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Figure 2. 23 Increasing rates of fracture toughness and critical load for all kind of 
specimens. 
 
Table 2. 2 Comparison of GIC and GIR for GO2 and other literatures. 
 
Reinforced filler 
G
IC
 (KJ/m
2
) 
 
G
IR 
(KJ/m
2
) 
 
Increasing rate 
(%) 
 
before after 
 
before after 
 
G
IC
 G
IR
 
GO (2[g/m
2
]) 0.161 0.436 
 
0.413 0.859 
 
170.8 108.0 
CB (15[g/m
2
])  0.161 0.242 
 
0.413 0.779 
 
50.3 88.6 
VGCF(20[g/m
2
]) [8] 0.221 0.432 
 
0.489 0.616 
 
95.5 26.0 
SiC whisker [51] 0.140 0.215 
 
0.174 0.202 
 
53.6 16.1 
Carbon short fiber 
[52]   
0.258 0.282 
 
0.282 0.300 
 
9.3 6.4 
CSCNT [53] 0.076 0.125 
 
0.086 0.170 
 
64.5 97.7 
 
The reinforcement effects of GO interleaf on the Mode-I fracture toughness of CFRP 
laminates are compared with those of some other nanofillers as shown in Table 2.2. It 
can be found that the increasing rate of GIC in the present work is the highest one 
compared with the results using, carbon short fibers [52], SiC whiskers [51], CSCNTs 
[53] and carbon black. This value is even better than the best value of our previous 
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work using VGCF [8], and is much better than carbon black using the same 
fabrication process. This demonstrates the remarkable reinforcement effects of 
GO-epoxy interleaf. 
2.3.2.2 Improvement mechanism 
It is well known that the fracture toughness of CFRP laminates is mainly determined 
by the toughness of matrix and the interfacial strength between carbon fiber and 
matrix. For the first point, many works have demonstrated that GO can effectively 
improve the toughness of epoxy resin. Therefore, the epoxy matrix of CFRP laminates 
near the interleaf will be toughened by the addition of GO whose fracture stress 
reaches to 63 GPa, as predicted by Monte Carlo simulations in Ref. [54]. For the 
second point, in order to investigate the interfacial strength between carbon fiber and 
epoxy matrix, fractured surfaces of the DCB tested laminates at the crack initiation 
position were observed by a scanning electron microscope (SEM) (JSM-6510A, JEOL 
Ltd.). 
Figure 2.24 shows the SEM fractured surface images of 4 types of laminates (i.e. 
Plain, GO1, GO2, GO3) after DCB tests under Mode-I loading. As shown in Figure 
2.24(a), after fracture, many CFs were exposed with less epoxy resin covering them. 
The delamination of CF and epoxy matrix and the brittle fracture indicate the weak 
bonding between CF and epoxy matrix, and explains the relatively low Mode-I 
fracture toughness in Plain specimen. After addition of GO-epoxy interleaf, as shown 
in Figures 2.24(b), (c) and (d), CFs were embedded in GO reinforced epoxy resin and 
tightly bonded with it after fracture. This indicates that stronger interfacial adhesion 
between CF and epoxy resin for GO1, GO2 and GO3 specimens was realized after 
toughened by GO-epoxy interleaf. Better interfacial adhesion between epoxy resin 
and CF contributes to the improvement of Mode-I fracture toughness. This is also 
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confirmed by high magnification SEM images which is performed at the typical 
region denoted by red dotted line in Figure 2.24. The high magnification SEM images 
clearly show that the interfacial strength of GO2 and GO3 are better than GO1. In 
Figure 2.24(c), carbon fiber is completely embedded in epoxy, indicating that GO2 
possesses the best bonding strength between CF and epoxy matrix. The above 
observations are coincided with the fracture toughness results obtained in previous 
experiment tests. Moreover, more irregular and rough fractured surface also can be 
observed in the specimen toughened by GO-epoxy interleaf. This indicates that larger 
fracture area was created duo to the crack deflection and plastic deformation during 
crack propagation. Furthermore, many small irregular dimple structures can be 
observed in the fractured surfaces of the specimens with GO interleaf. This dimple 
structure is formed by the process in which an initial crack tilts and twists when it 
encounters a rigid GO. This generates an increase in the total fractured surface area, 
requires higher driving force and consumes larger energy during crack propagation. 
All of these evidences indicate the synergistic effect of the interleaf in CFPR 
laminates, and therefore support the higher Mode-I fracture toughnesses of GO1, GO2 
and GO3 compared to that of Plain.  
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Figure 2. 24 Fractured surfaces of Mode-I CFRP laminates: (a) Plain; (b) GO1; (c) 
GO2; (d) GO3  
 
The fracture toughness of GO3 was lower than GO2, this may be ascribed to the 
overdose of GO results in nanofiller aggregation in epoxy resin. As such aggregations 
will cause local stress concentration and detrimental to the toughness of epoxy and the 
adhesion strength between epoxy resin and CF. Therefore, the Mode-I fracture 
toughness of GO3 is lower than that of GO2 specimen. This is confirmed by the 
dispersion state of GO in different specimens in Figure 2.25. Obviously, GO sheets 
are well dispersed in GO1 (Figure 2.25(a)) and GO2 (Figure 2.25(b)) specimens. 
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Epoxy-coated GO flakes that are protruding out of the fractured surface of the sample 
can be clearly observed as indicated by the arrows in Figure 2.25. This also confirmed 
the formation of dimple structure in the fractured surface of GO reinforced sample. 
However, for GO3 (Figure 2.25(c)), when the surface density of GO in the interleaf 
increases to 3 g/m
2
, aggregations of GO sheets can be observed as pointed out in the 
circle. Therefore, the fracture toughness of GO3 tends to decrease compared to GO2. 
 
 
Figure 2. 25 Graphene oxide dispersion condition: (a) GO1; (b) GO2; (c) GO3 
 
2.4. Summary 
In this chapter, we systematically investigated the effect of CB and GO reinforced 
epoxy interleaf on the interlaminar mechanical properties of CFRP laminates. The 
experimental results of DCB and ENF tests confirmed that the insertion of epoxy 
interleaf with CB into the interlaminar interface of CFRP laminates, can improve the 
Mode-I and Mode-II fracture toughnesses significantly. Generally, as the addition 
amount of CB increases, the fracture toughness initially increases up to a peak, and 
then decreases. The optimum area density of CB is 15 g/m
2
, which brings about 50% 
and 89% increases in Mode-I fracture toughness and resistance, respectively. As for 
Mode-II case, the optimum addition is suggested to be 10 g/m
2
, which leads to 
145.38% increase in Mode-II fracture toughness. Moreover, the Mode-II fracture 
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toughness of the specimen with 15 g/m
2
 CB addition was only slightly lower than that 
of the specimen with 10 g/m
2
 CB addition. Therefore, by comprehensively 
considering Mode-I and Mode-II situations, 15 g/m
2
 was regarded as the optimal 
addition for the present fabrication method. As for GO-epoxy interleaf reinforced 
CFRP, The experimental results of DCB tests demonstrated that the Mode-I fracture 
toughness of CFRP laminates could be improved significantly with insertion of GO 
reinforced epoxy interleaf into the interlaminar interface of CFRP laminates. The 
optimum area density of GO is 2 g/m
2
, which brings about remarkable increases, i.e., 
170.8% and 108.0% in Mode-I fracture toughness and resistance, respectively. The 
improvement mechanisms were thoroughly explored by the observation of the 
fractured surfaces with SEM. 
 
 
 
 
 
 
 
 
 
 
 
 70 
 
References 
[1] Njuguna J, Pielichowski K, Alcock JR. Epoxy-based fibre reinforced 
nanocomposites. Adv Eng Mater. 2007;9(10):835-47. 
[2] ALDERLIESTEN RC. Fatigue Crack Propagation and Delamination Growth in 
Glare. Netherlands: DUP Science; 2005. 
[3] Shu D, Mai Y-W. Effect of stitching on interlaminar delamination extension in 
composite laminates. Composites Science and Technology. 1993;49(2):165-71. 
[4] Byrd LW, Birman V. Effectiveness of z-pins in preventing delamination of 
co-cured composite joints on the example of a double cantilever test. Composites Part 
B: Engineering. 2006;37(4):365-78. 
[5] Mouritz A, Bannister M, Falzon P, Leong K. Review of applications for advanced 
three-dimensional fibre textile composites. Composites Part A: applied science and 
manufacturing. 1999;30(12):1445-61. 
[6] Gojny FH, Wichmann MHG, Fiedler B, Bauhofer W, Schulte K. Influence of 
nano-modification on the mechanical and electrical properties of conventional 
fibre-reinforced composites. Composites Part A: Applied Science and Manufacturing. 
2005;36(11):1525-35. 
[7] Wichmann MHG, Sumfleth J, Gojny FH, Quaresimin M, Fiedler B, Schulte K. 
Glass-fibre-reinforced composites with enhanced mechanical and electrical properties 
– Benefits and limitations of a nanoparticle modified matrix. Engineering Fracture 
Mechanics. 2006;73(16):2346-59. 
[8] Li Y, Hori N, Arai M, Hu N, Liu Y, Fukunaga H. Improvement of interlaminar 
mechanical properties of CFRP laminates using VGCF. Composites Part A: Applied 
Science and Manufacturing. 2009;40(12):2004-12. 
 71 
 
[9] Yokozeki T, Iwahori Y, Ishibashi M, Yanagisawa T, Imai K, Arai M, et al. 
Fracture toughness improvement of CFRP laminates by dispersion of cup-stacked 
carbon nanotubes. Composites Science and Technology. 2009;69(14):2268-73. 
[10] Arai M, Noro Y, Sugimoto K-i, Endo M. Mode I and mode II interlaminar 
fracture toughness of CFRP laminates toughened by carbon nanofiber interlayer. 
Composites Science and Technology. 2008;68(2):516-25. 
[11] Khan SU, Kim J-K. Improved interlaminar shear properties of multiscale carbon 
fiber composites with bucky paper interleaves made from carbon nanofibers. Carbon. 
2012;50(14):5265-77. 
[12] Jen M-HR, Tseng Y-C, Wu C-H. Manufacturing and mechanical response of 
nanocomposite laminates. Composites science and technology. 2005;65(5):775-9. 
[13] Zhang D, Ye L, Deng S, Zhang J, Tang Y, Chen Y. CF/EP composite laminates 
with carbon black and copper chloride for improved electrical conductivity and 
interlaminar fracture toughness. Composites Science and Technology. 
2012;72(3):412-20. 
[14] Lee S-H, Kim H, Hang S, Cheong S-K. Interlaminar fracture toughness of 
composite laminates with CNT-enhanced nonwoven carbon tissue interleave. 
Composites Science and Technology. 2012;73:1-8. 
[15] Kim BC, Park SW, Lee DG. Fracture toughness of the nano-particle reinforced 
epoxy composite. Composite Structures. 2008;86(1-3):69-77. 
[16] Ma PC, Liu MY, Zhang H, Wang SQ, Wang R, Wang K, et al. Enhanced 
electrical conductivity of nanocomposites containing hybrid fillers of carbon 
nanotubes and carbon black. ACS applied materials & interfaces. 2009;1(5):1090-6. 
[17] Han S, Lin JT, Yamada Y, Chung DDL. Enhancing the thermal conductivity and 
compressive modulus of carbon fiber polymer–matrix composites in the 
 72 
 
through-thickness direction by nanostructuring the interlaminar interface with carbon 
black. Carbon. 2008;46(7):1060-71. 
[18] Kobayashi H, Shioya M, Tanaka T, Irisawa T, Sakurai S, Yamamoto K. A 
comparative study of fracture behavior between carbon black/poly(ethylene 
terephthalate) and multiwalled carbon nanotube/poly(ethylene terephthalate) 
composite films. Journal of Applied Polymer Science. 2007;106(1):152-60. 
[19] Hojo M, Ando T, Tanaka M, Adachi T, Ochiai S, Endo Y. Modes I and II 
interlaminar fracture toughness and fatigue delamination of CF/epoxy laminates with 
self-same epoxy interleaf. International Journal of Fatigue. 2006;28(10):1154-65. 
[20] Novoselov KS, Geim AK, Morozov S, Jiang D, Zhang Y, Dubonos S, et al. 
Electric field effect in atomically thin carbon films. science. 2004;306(5696):666-9. 
[21] Lee C, Wei X, Kysar JW, Hone J. Measurement of the elastic properties and 
intrinsic strength of monolayer graphene. science. 2008;321(5887):385-8. 
[22] Berger C, Song Z, Li T, Li X, Ogbazghi AY, Feng R, et al. Ultrathin epitaxial 
graphite: 2D electron gas properties and a route toward graphene-based 
nanoelectronics. The Journal of Physical Chemistry B. 2004;108(52):19912-6. 
[23] Balandin AA, Ghosh S, Bao W, Calizo I, Teweldebrhan D, Miao F, et al. 
Superior thermal conductivity of single-layer graphene. Nano letters. 2008;8(3):902-7. 
[24] Rafiee MA, Rafiee J, Yu ZZ, Koratkar N. Buckling resistant graphene 
nanocomposites. Applied Physics Letters. 2009;95(22):223103. 
[25] Rafiee MA, Rafiee J, Srivastava I, Wang Z, Song H, Yu ZZ, et al. Fracture and 
fatigue in graphene nanocomposites. Small. 2010;6(2):179-83. 
[26] Ramanathan T, Abdala AA, Stankovich S, Dikin DA, Herrera-Alonso M, Piner 
RD, et al. Functionalized graphene sheets for polymer nanocomposites. Nature 
nanotechnology. 2008;3(6):327-31. 
 73 
 
[27] Stankovich S, Dikin DA, Dommett GH, Kohlhaas KM, Zimney EJ, Stach EA, et 
al. Graphene-based composite materials. Nature. 2006;442(7100):282-6. 
[28] Pang H, Chen T, Zhang G, Zeng B, Li Z-M. An electrically conducting 
polymer/graphene composite with a very low percolation threshold. Materials Letters. 
2010;64(20):2226-9. 
[29] Yu A, Ramesh P, Itkis ME, Bekyarova E, Haddon RC. Graphite 
nanoplatelet-epoxy composite thermal interface materials. The Journal of Physical 
Chemistry C. 2007;111(21):7565-9. 
[30] Teng C-C, Ma C-CM, Lu C-H, Yang S-Y, Lee S-H, Hsiao M-C, et al. Thermal 
conductivity and structure of non-covalent functionalized graphene/epoxy composites. 
Carbon. 2011;49(15):5107-16. 
[31] Rafiee MA, Rafiee J, Wang Z, Song H, Yu Z-Z, Koratkar N. Enhanced 
Mechanical Properties of Nanocomposites at Low Graphene Content. ACS Nano. 
2009;3(12):3884-90. 
[32] Zhao X, Zhang Q, Chen D, Lu P. Enhanced mechanical properties of 
graphene-based poly (vinyl alcohol) composites. Macromolecules. 
2010;43(5):2357-63. 
[33] Li W, Tang X-Z, Zhang H-B, Jiang Z-G, Yu Z-Z, Du X-S, et al. Simultaneous 
surface functionalization and reduction of graphene oxide with octadecylamine for 
electrically conductive polystyrene composites. Carbon. 2011;49(14):4724-30. 
[34] Xu Y, Hong W, Bai H, Li C, Shi G. Strong and ductile poly(vinyl 
alcohol)/graphene oxide composite films with a layered structure. Carbon. 
2009;47(15):3538-43. 
 74 
 
[35] Bao C, Guo Y, Song L, Kan Y, Qian X, Hu Y. In situ preparation of 
functionalized graphene oxide/epoxy nanocomposites with effective reinforcements. 
Journal of Materials Chemistry. 2011;21(35):13290. 
[36] Chen L, Chai S, Liu K, Ning N, Gao J, Liu Q, et al. Enhanced epoxy/silica 
composites mechanical properties by introducing graphene oxide to the interface. 
ACS applied materials & interfaces. 2012;4(8):4398-404. 
[37] Wan Y-J, Tang L-C, Gong L-X, Yan D, Li Y-B, Wu L-B, et al. Grafting of 
epoxy chains onto graphene oxide for epoxy composites with improved mechanical 
and thermal properties. Carbon. 2014;69:467-80. 
[38] Wang R, Li Z, Liu W, Jiao W, Hao L, Yang F. Attapulgite–graphene oxide 
hybrids as thermal and mechanical reinforcements for epoxy composites. Composites 
Science and Technology. 2013;87:29-35. 
[39] Fan Y, Estili M, Igarashi G, Jiang W, Kawasaki A. The effect of homogeneously 
dispersed few-layer graphene on microstructure and mechanical properties of Al2O3 
nanocomposites. Journal of the European Ceramic Society. 2014;34(2):443-51. 
[40] Liu J, Yan H, Reece MJ, Jiang K. Toughening of zirconia/alumina composites by 
the addition of graphene platelets. Journal of the European Ceramic Society. 
2012;32(16):4185-93. 
[41] S.Walker L, Marotto VR, Rafiee MA, Koratkar N, Corral EL. Toughening in 
Graphene Ceramic Composites. ACS Nano. 2011;5(4):3182-90. 
[42] Mannov E, Schmutzler H, Chandrasekaran S, Viets C, Buschhorn S, Tölle F, et 
al. Improvement of compressive strength after impact in fibre reinforced polymer 
composites by matrix modification with thermally reduced graphene oxide. 
Composites Science and Technology. 2013;87:36-41. 
 75 
 
[43] Yavari F, Rafiee MA, Rafiee J, Yu ZZ, Koratkar N. Dramatic increase in fatigue 
life in hierarchical graphene composites. ACS applied materials & interfaces. 
2010;2(10):2738-43. 
[44] Zhang X, Fan X, Yan C, Li H, Zhu Y, Li X, et al. Interfacial microstructure and 
properties of carbon fiber composites modified with graphene oxide. ACS applied 
materials & interfaces. 2012;4(3):1543-52. 
[45] Hummers Jr WS, Offeman RE. Preparation of graphitic oxide. Journal of the 
American Chemical Society. 1958;80(6):1339-. 
[46] Chen Y, Song B, Tang X, Lu L, Xue J. One-step synthesis of hollow porous Fe 3 
O 4 beads–reduced graphene oxide composites with superior battery performance. 
Journal of Materials Chemistry. 2012;22(34):17656-62. 
[47] JIS K. 7086: 1993. Testing methods for interlaminar fracture toughness of carbon 
fibre reinforced plastics. 1993. 
[48] Lee S-H, Noguchi H, Kim Y-B, Cheong S-K. Effect of interleaved non-woven 
carbon tissue on interlaminar fracture toughness of laminated composites: Part 
I–Mode II. Journal of composite materials. 2002;36(18):2153-68. 
[49] Russell A, Street K. Factors affecting the interlaminar fracture energy of 
graphite/epoxy laminates. Progress in science and Engineering of Composites. 
1982:279-86. 
[50] Yan C, Xiao K, Ye L, Mai Y-W. Numerical and experimental studies on the 
fracture behavior of rubber-toughened epoxy in bulk specimen and laminated 
composites. Journal of materials science. 2002;37(5):921-7. 
[51] Wang W, Takao Y, Matsubara T, Kim H. Improvement of the interlaminar 
fracture toughness of composite laminates by whisker reinforced interlamination. 
Composites science and technology. 2002;62(6):767-74. 
 76 
 
[52] Laurence Walker XH. Comparision of carbon fibre/epoxy composites reinforced 
by short aramid and carbon fibres. Scripta Materialia. 1999;41(6):575-82. 
[53] Yokozeki T, Iwahori Y, Ishiwata S, Enomoto K. Mechanical properties of CFRP 
laminates manufactured from unidirectional prepregs using CSCNT-dispersed epoxy. 
Composites Part A: Applied Science and Manufacturing. 2007;38(10):2121-30. 
[54] Paci JT, Belytschko T, Schatz GC. Computational studies of the structure, 
behavior upon heating, and mechanical properties of graphite oxide. The Journal of 
Physical Chemistry C. 2007;111(49):18099-111. 
 
 
 77 
 
3 Improvement of interface mechanical 
properties for FML laminates 
 
In this chapter, three toughening methods including acid etching and mechanical 
patterning for surface treatment of aluminum (Al) alloy sheet, as well as addition of 
nanofiller (i.e., vapor grown carbon fiber (VGCF)) to the interface of FRP laminate 
and metal sheet for both Carbon Reinforced Aluminum Laminate (CARALL) and 
Glass Laminate Aluminum Reinforced Epoxy (GLARE), were investigated. 
Experimental results show the improvement on the interlaminar mechanical properties 
of Mode-I and Mode-II fracture in terms of much higher critical load and fracture 
toughness. The highest GIC and GIIC were obtained in the specimens with the 
combination of acid etching on Al sheet and 10 g/m² VGCF addition for CARALL, 
which were 650% and 175.76% higher than those of the samples with only acid 
etching, respectively. As for GLARE laminates, the specimens with acid treatment 
and 30 g/m
2
 VGCF additions possess the highest GIC. Whereas, the highest Mode-II 
fracture toughness was demonstrated in the specimens with acid treatment and 10 
g/m
2
 VGCF addition. The highest Mode-I and Mode-II fracture toughnesses were 
approximately 10 times and 385% increases respectively compared to those of 
corresponding pristine ones. Moreover, the angle, i.e., 0
o
 and 90
o
, between the rolling 
stripes of aluminum plate and the fiber direction of glass fiber reinforced plastics 
(GFRP) on the Mode-II interlaminar mechanical properties of GFRP/Al laminates 
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were also investigated. Crack propagation and fractured surface were observed to 
interpret the improvement mechanisms. 
3.1 Improvement of interlaminar mechanical properties for 
CARALL 
3.1.1 Introduction 
Fiber metal laminates (FMLs) are a new type of hybrid composites, which are 
composed of thin metal alloy sheets and fiber reinforced plastic (FRP) plies. Due to 
their unique composition and structure, the poor fatigue and corrosion resistance of 
metallic materials and the low bearing strength and impact resistance of FRP can be 
overcome by the performance complementation of those two materials while their 
advantages can be preserved in FMLs. Many researchers have demonstrated that the 
FMLs possess excellent fatigue, damage tolerance, impact strength and flame 
penetration resistance [1, 2]. CARALL or CFRP/Al laminate is one of the most 
widely investigated types in FMLs family. Due to the high strength-to-weight and 
stiffness-to-weight ratios of CFRP, the CFRP/Al laminate has shown great potentials 
for various structural applications in aerospace, automobile or high-speed train, etc. 
However, the CFRP/Al laminate has some disadvantages as well. The first one is 
galvanic corrosion problem caused by the direct contact of Al and carbon fiber (CF), 
which can be eliminated by isolating the Al alloy from the CF for example with a 
thermoplastic coating, e.g., polyetherimide (PEI) on Al alloy surface or using glass 
prepreg on both sides [3, 4]. The second one is high thermal residual stresses 
generated during curing process due to the mismatch of coefficients of thermal 
expansion between Al alloy and CFRP laminate. Some strategies have been proposed 
to alleviate this problem. For instance, Kim et al. [5] have used a smart curing cycle 
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with cooling and reheating for the reduction of thermal residual stress in steel/CFRP 
hybrid composites. Cho et al. [6] have developed a pre-compression method to relieve 
the fabrication thermal residual stresses of CFRP/Al hybrid tubes. The third major 
weakness is the relatively low bonding strength between Al alloy plate and CFRP 
laminate. Delamination may easily occur at the interface of the two dissimilar 
materials in this hybrid composite, resulting in severe reduction of overall structural 
strength and stiffness [7], especially in those cases where compressive or shear 
loadings are dominate. 
In order to solve this problem, surface treatment methods (e.g., acid treatment, 
anodizing, and mechanical patterning, etc.) have been employed to improve the 
interlaminar mechanical properties of FMLs. Kim et al. [8] systematically 
investigated the influence of surface morphology of steel on the adhesion strength of a 
CFRP/Steel bond by incorporating micro-periodic line pattern on the steel surface. 
They pointed out that the major source of strength enhancement is the transition from 
interfacial failure to cohesive failure. Reyes et al. [9] have used thermoplastic 
composite (glass fiber-reinforced polypropylene prepreg) instead of traditional 
thermosetting counterparts in FMLs, and combined with hot dip zinc treatment 
applied to the steel substrates, to achieve an excellent adhesion along the interface of 
metal and polymer. Molitor and Young [10] have investigated surface treatment of Ti 
alloy with various methods to improve peel strength and shear strength of 
titanium/GFRP composites. They have found that surface treatment by Excimer laser 
can make a five-fold increase in peel strength but poor environmental durability, and 
sodium hydroxide anodisation (SHA) of Ti alloy can result in relatively high peel 
strengths and durable interfacial bonding. Although these surface treatment methods 
can effectively enhance the mechanical properties of FMLs, they requiring special 
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equipment are generally expensive and time consuming, impeding their extensive 
applications. 
On the other hand, nanofillers (e.g., carbon nanotubes, nanoclays, VGCF, etc.) 
with excellent mechanical properties are considered as an ideal reinforcement 
candidate to the interface of FRP laminates. For instance, Jen et al. [11] have observed 
that the incorporation of 1.0 wt.% SiO2 nanoparticles into interfaces among CFRP 
plies can induce the increase of the overall in-plane tensile strength and stiffness of 
CFRP, but little improvement in fatigue behavior. A prepared VGCF paste interlayer 
inserted into the interface between two [0
o
]7 CFRP sublaminates by Arai et al. [12] 
has led to 50% enhancement of Mode-I fracture toughness. Khan et al. [13] have 
investigated the effect of bucky paper interleaves made from carbon nanofibers on 
interlaminar mechanical properties of CFRP, which has demonstrated 31% and 104% 
improvement in interlaminar shear strength and Mode-II fracture toughness, 
respectively. However, to date, there has been no report about using nanofillers as the 
reinforcement for FMLs. The combined effects of different toughing methods (e.g., 
acid etching, mechanical patterning, nanofiller addition at interface, etc.) have not 
been well explored. 
In this study, several toughening methods have been employed to improve the 
interlaminar mechanical properties of CFRP/Al laminates, which includes acid 
etching and patterned structure on the surfaces of Al alloy sheet, and addition of 
nanofiller (i.e., VGCF) to the interface of CFRP and Al alloy sheet through powder 
method. Note that the area density of VGCF varies at 0, 10, 20, and 30 g/m
2
 at the 
interface. Double cantilever beam (DCB) and end notched flexure (ENF) tests have 
demonstrated that the CFRP/Al laminate, toughened with the combination of acid 
etching on Al sheet and 10 g/m
2
 VGCF addition at the interface, possesses the highest 
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Mode-I and Mode-II interlaminar fracture toughnesses. Mechanical patterning has 
only shown a positive effect for the case without VGCF addition. Crack propagation 
and fractured surface observations of the CFRP/Al laminates have also been 
performed to explore the toughening mechanism. 
3.1.2 Experiments 
3.1.2.1 Materials 
The CFRP prepregs (TOHO TENAX Co., Ltd, Japan), two Al alloy sheets (A2017, 
TOHO Hitetsu-Kinzoku Co., Ltd, Japan) and VGCF (Showa Denko K.K, Japan) were 
used. The corresponding details of their physical and mechanical properties are given 
in Table 3.1. Figure 3.1 shows the microstructure of VGCF which was characterized 
by the transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) 
using JEOL JEM-2010F electron microscope operated at an accelerating voltage of 
200 kV. 
 
Table 3. 1 Physical and mechanical properties of materials 
CFRP prepreg VGCF 
Young’s modulus  
( Fiber direction) 
138 GPa Diameter 150 nm 
Young’s modulus  
( Transverse 
direction) 
10 GPa Length 10-20 μm 
CF volume content 65% 
Aspect ratio 
(Length/diameter ratio) 
10-500 
Al alloy (A2017) Density 2.0 g/cm
3
 
Young’s modulus 72 GPa Young’s modulus 273-760 GPa 
Tensile strength 375 MPa Tensile strength 2700-3500 MPa 
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Figure 3. 1 TEM images of VGCF (a) bright-field TEM image; (b) HRTEM image. 
 
3.1.2.2 Fabrication of specimens 
To systematically investigate the effects of the different toughing techniques, in terms 
of different surface treatment procedures and area densities of VGCF, for DCB 
specimens, as shown in Table 3.2, 11 kinds of CFRP/Al DCB specimens have been 
fabricated in an autoclave. For simplicity, the specimens are referred as Plain, 
A-VGCF0, A-VGCF5, A-VGCF10, A-VGCF20, A-VGCF30 and A-G-VGCF0, 
A-G-VGCF5, A-G-VGCF10, A-G-VGCF20, and A-G-VGCF30, respectively, where 
“A” and “G” represent the two different surface treatment methods for Al alloy, i.e., 
acid etching, and mechanical pattering with grooves, respectively. “VGCF’’ denotes 
the VGCF addition at the interface between Al sheet and CFRP laminate, the 
subsequent numbers, i.e., “0, 5, 10, 20 and 30”, represent the corresponding area 
density of VGCF in the unit of g/m
2
. The manufacturing process is schematically 
shown in Figure 3.2. First, the stacked [0
o
]3 CFRP laminates and two pieces of Al 
alloy sheets were piled up through a lay-up process as shown in Figure 3.2a. During 
the lay-up process, the powder of VGCF was manually spread using powered method 
[14]. Note that the polyamide film of 25 μm thickness was inserted at the middle of 
(a) 
 
(b) 
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VGCF reinforced layer to generate an initial crack. Then, the lay-up FMLs were 
vacuum packed through a vacuum bagging system  
 
Figure 3. 2 Schematic illustration of specimen fabrication process 
 
as shown in Figure 3.2(b). At last, the above prepared materials were cured in an 
autoclave, the temperature and pressure used in the curing process are shown in 
Figure 3.2(c). The representative schematic view of the obtained material on the side 
of the initial crack is shown in Figure 3.2(d). All of the laminates except the “Plain” 
were treated by acid etching. In this process, the Al alloy sheets were socked in 1 
mol/L nitric acid for 24 h to increase their surface roughness. Figure 3.3 shows the 
micro surface morphology of the Al alloy sheets after acid treatment. A porous 
structure can be observed on the Al alloy surface. Then, the nanofiller, i.e., VGCF, and 
polymer chains can easily penetrate into the small holes, which consequently result in 
the increase of fracture toughness. The sizes of the holes can be adjusted through 
changing the acid concentration and processing time to match the sizes of VGCF 
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(Table 3.1). The surface morphology of Al alloy after acid treatment, the addition 
amount and dispersion state of VGCF, and the curing temperature and pressure have 
great influences on the interlaminar properties of CFRP/Al laminates. In the last five 
types of the above specimens, some small grooves on the Al alloy sheets were 
introduced before acid etching, which were vertical to the fiber direction in the 
unidirectional [0]3 CFRP laminate. The dimensions of the grooves are shown in 
Figure 3.4.   
For ENF specimens, in order to obtain high fracture toughness, according to our 
investigation on the Mode-II fracture toughness of GLARE as described in chapter 3, 
section 3.2, the CFs were aligned in perpendicular to the surface strip for all the ENF 
specimens. With different area densities of VGCF, as shown in Table 3.3, four types of 
specimens were prepared. For simplicity, the specimens are referred as VGCF0, 
VGCF10, VGCF20 and VGCF30, respectively, where “VGCF” denotes the VGCF 
addition, “0, 10, 20 and 30” indicates the area densities of VGCF (g/m2). Note that, 
for all of ENF specimens, acid etching treatment was performed. 
 
Figure 3. 3 SEM image of aluminum surface after acid treatment 
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Figure 3. 4 Dimension of the grooves in an Al alloy sheet 
 
 
Table 3. 2 Specimen types of CARALL for Mode-I test 
Mode-I 
Acid 
treatment 
Groove 
machining 
VGCF [g/m
2
] 
Plain × × 0 
A-VGCF0 ○ × 0 
A-VGCF(5) ○ × 5 
A-VGCF(10) ○ × 10 
A-VGCF(20) ○ × 20 
A-VGCF(30) ○ × 30 
A-G-VGCF(0) ○ ○ 0 
A-G-VGCF(5) ○ ○ 5 
A-G-VGCF(10) ○ ○ 10 
A-G-VGCF(20) ○ ○ 20 
A-G-VGCF(30) ○ ○ 30 
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Table 3. 3 Specimen types of CARALL for Mode-II test 
Mode-II 
Acid 
treatment 
VGCF [g/m
2
] 
VGCF0 ○ 0 
VGCF10 ○ 10 
VGCF20 ○ 20 
VGCF30 ○ 30 
 
3.1.2.3 Test procedures 
The DBC and ENF test procedures are identical as described in chapter 2, section 
2.2.3. 
 
3.1.3 Results and discussion 
3.1.3.1 Mode-I interlaminar fracture toughness 
(a) Calculation of Mode-I interlaminar fracture toughness 
Typical load-COD curves of the five specimens, i.e., Plain, A-VGCF0, A-VGCF10, 
A-G-VGCF0, and A-G-VGCF10, are plotted in Figure 3.5. In this figure, the load 
increases rapidly in a linear way before reaching to a peak load or critical load, then 
gradually deceases. Note that for the specimens with grooves on Al sheets, the load 
decreases in a zigzag way, which implies that the special geometry of the grooves due 
to mechanical patterning causes unstable crack propagation. 
The corresponding values of PC for all the specimens, i.e., the critical loads in 
load-COD curves, are summarized in Figure 3.6. It can be found that the PC of Plain is 
the lowest one, which indicates the reinforcement effect of acid etching, mechanical 
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patterning and VGCF addition. The highest PC is observed in A-VGCF10, which is 
about 12 and 4 times higher than those of Plain and A-VGCF0 specimens, 
respectively. 
The calculated delamination resistance curves (R-curves), and Mode-I fracture 
toughness (GIC) and fracture resistance (GIR) are shown in Figures 3.7 and 3.8, 
respectively. Note that GIR was obtained by averaging the values of 5 points within the 
range of a from 20 mm to 40 mm. The large variation of critical load and fracture 
toughness for 30 g/m
2
 VGCF specimens in Figures 3.6 and 3.8 may be ascribed to the 
worse dispersion of VGCF at 30 g/m
2
 loading. In order to comprehensively 
understand the results in Figure 3.8, two cases are separately discussed as follows. 
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Figure 3. 5 Comparison of load-COD curves for five kinds of specimens 
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Figure 3. 6 Critical load PC for various specimens 
 
Figure 3. 7 Comparison of R-curves for Al/CFRP laminates (a) A-VGCF; (b) 
A-G-VGCF 
 
Case I is those specimens without VGCF addition (area density of VGCF=0 
g/m
2
). In this case, the great increase of GIC and GIR from Plain to A-VGCF0 indicates 
that acid etching treatment can enhance the interlaminar fracture toughness of 
CFRP/Al laminates effectively. Moreover, a further increase in A-G-VGCF0 
demonstrates that mechanical patterning on the Al sheet with a subsequent 
acid-etching treatment can further promote such improvement. Therefore, the 
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combination of acid etching and mechanical patterning is the optimal toughing 
technique for the case without VGCF addition. 
Case II is those specimens with VGCF addition. In this case, the significant 
increase in GIC can be obviously observed when compared to those in Case I. In 
particular, A-VGCF10 has the highest GIC, which is approximately 41 and 6.5 times 
higher than those of Plain and A-VGCF0, respectively. As VGCF content increases to 
30 g/m
2
 from 10 g/m
2
, GIC decreases to one half. Moreover, the GIC of all A-G-VGCF 
specimens are lower than those of A-VGCF except A-G-VGCF30. Such lower 
performance of A-G-VGCF can be attributed to difficult VGCF dispersion at the 
interface due to the grooves at Al alloy sheet. As for GIR, except for the result of 
A-G-VGCF20, almost the same trend as that of GIC is observed. With increasing 
addition of VGCF, GIR passes through a peak value ( at 20 g/m
2 
loading for A-VGCF 
while at 10 g/m
2
 loading for A-G-VGCF), and then decreases. Considering the above 
aspects, it is recommended that the combination of acid etching and 10 g/m
2 
VGCF 
addition at the interface is the optimal toughing technique for the case with VGCF 
addition. 
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Figure 3. 8 Comparison of interlaminar fracture toughness forAl/CFRP laminates (a) 
GIC; (b) GIR 
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Figure 3. 9 Surface morphology and profile of Al alloy sheets (a) before and (b) after 
acid etching treatment 
 
(b) Observation on crack propagation path and fractured surfaces 
Figure 3.9 shows the surface morphologies and surface profiles of Al alloy sheet 
before and after acid etching, respectively. Obvious irregularity composed of many 
micro-holes caused by acid etching can be identified. The average diameter and the 
depth of the micro-holes are approximately 18 μm and 3.5 μm. The arithmetic mean 
surface roughness Ra of Al alloy sheet after acid treatment is 0.832 μm while it is 
0.236 μm before acid treatment. During curing, the liquid epoxy resin and VGCF fill 
up the micro-holes of the Al alloy sheet, and then matches with the rough and 
irregular surface profile after curing. Consequently, mechanical interlocking is formed 
after the epoxy resin is cured as shown in Figure 3.10. Due to this mechanical 
interlocking, cohesive failure of the epoxy resin occurs near the interface as the epoxy 
is peeled away from the Al alloy sheet. Therefore, the crack path will be deviated 
from the interface into the VGCF reinforced epoxy resin. Such deviation usually 
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results in the increase of fractured surface area and requires additional energy for 
crack propagation within the polymer. Moreover, cohesive failure caused by the 
molecular decohesion of the polymer consumes larger energy for crack propagation 
than interfacial failure [8]. Furthermore, VGCF dispersed in the epoxy resin will play 
a bridging role to hinder the micro crack propagation in the VGCF reinforced epoxy 
resin as shown in Figure 3.10. The above statements can explain the toughing 
mechanisms of acid treatment and VGCF addition. To confirm these toughening 
mechanisms, the following experimental observations were further conducted. Similar 
to section 3.1.3.1(a), two cases are discussed separately. 
For Case I without VGCF addition, Figure 3.11 shows crack propagation for the 
specimens of A-VGCF0 and A-G-VGCF0. The deflection of crack path at the 
patterned groove can be observed. Therefore, cohesive failure and more fractured 
surface formed during crack propagation can explain the improvement of GIC and GIR 
in Figure 3.8 caused by mechanical patterning. Figure 3.12 shows fractured surfaces 
of three CFRP/Al laminates, which also confirm the aforementioned explanation. As 
shown in Figure 3.12(b), more residual epoxy resin is observed on the fractured 
surface of A-VGCF0 when compared to that of Plain (Figure 3.12(a)), which indicates 
the occurrence of more cohesive failure of epoxy and therefore higher fracture 
toughness in A-VGCF0 than that in Plain. From Figure 3.12(c), some carbon fibers 
were fractured in the grooved area, which play a “bridging” role to resist the 
propagation of delamination. It implies the occurrence of more cohesive failure in 
A-G-VGCF0 than that in A-VGCF0 due to the existence of patterned grooves. All of 
these evidences support the higher fracture toughness of A-G-VGCF0 compared to 
that of A-VGCF0, which are consistent with the experimental results in Figure 3.8. 
However, on the flat area, there is no obvious residual epoxy and carbon fibers, 
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implying the weak contribution of the flat area to impede the delamination 
propagation. 
For Case II with VGCF addition, to elucidate the improvement effect of VGCF 
interlayer, edge views of A-VGCF0 and A-VGCF10 were examined by optical 
micrographs at different magnifications, which are shown in Figure 3.13. The 
bridging of carbon fibers in A-VGCF10 is identified in Figure 3.13(Ba), while it  
 
 
 
Figure 3. 10 Schematic illustration of the toughening mechanism with acid treatment 
and VGCF addition 
 
 
Figure 3. 11 Crack propagation of CFRP/Al laminates (a) A-VGCF0; (b) 
A-G-VGCF0 
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Figure 3. 12 Fractured surface of CFRP/Al laminates (a) Plain; (b) A-VGCF0; (c) 
A-G-VGCF0 
 
cannot be found in A-VGCF0 as given in Figure 3.13(Aa). This indicates that VGCF 
addition can induce carbon fiber bridging and therefore hinder crack propagation. 
Closer examination indicates that the crack propagated at the interface of CFRP and 
Al alloy sheet in A-VGCF0, and followed a straight path without considerable crack 
deflection as shown in Figure 3.13(Ab). In contrast, crack mainly propagated in the 
VGCF reinforced epoxy interlayer in a zigzag manner in A-VGCF10 as shown in 
Figure 3.13(Bb). Such pattern will cause more cohesive failure, and crack deflection 
will create larger fractured surface area and require higher driving force for the crack 
propagation. The presence of pulled out VGCF on the crack surface of A-VGCF10 in 
Figure 3.13(Bc) provides clear evidence of VGCF’s bridging effect. This pull-out of 
VGCF from epoxy matrix requires the additional energy consumption for 
delamination propagation. This point is consistent with the previous studies, which 
have shown that the pull-out and bridging of nanofillers are the major toughening 
mechanisms for these multi-scale hybrid composites [15, 16]. 
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(A) 
 
(B) 
Figure 3. 13 Edge views of Al/CFRP laminates (A) A-VGCF0; (B) A-VGCF10 
 
Fractured surfaces of A-VGCF10 and A-G-VGCF10 in Case II were further 
examined in Figure 3.14 to reveal the improvement mechanisms by comparing with 
those of A-VGCF0 and A-G-VGCF0 in Figures 3.12(b) and 3.12(c). It can be found 
from Figure 3.14(a) that many regions of the fractured surface were covered with 
residual epoxy resin and the fracture fibers. This indicates the occurrence of severe 
cohesive failure and “bridging” on the fracture interface of A-VGCF10, which lead to 
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the significant increase of fracture toughness when compared to those in Case I. 
Similar phenomenon is also found in A-G-VGCF10. Compared to that of 
A-G-VGCF0, there are residual epoxy resin and fractured carbon fibers on both 
grooved area and flat area as shown in Figure 3.14(b). It suggests that the flat area on 
the fractured surface of A-G-VGCF10 also contributes to the improvement of fracture 
toughness, and therefore results in the higher GIC compared to that of A-G-VGCF0. 
From the above analyses, it reveals that the incorporation of VGCF at interface 
of Al/CFRP laminates results in the enhancement of interlaminar fracture toughness. 
However, the overdose of VGCF may cause the decrease of the fracture toughness. 
This may be explained by Figure 3.15, which shows the VGCF dispersion in the 
fractured surfaces of CFRP/Al laminates. In contrast with good dispersion of VGCF 
in A-VGCF10, mild non-uniform dispersion (some part of epoxy resin have no VGCF) 
and aggregation of VGCF can be observed in A-VGCF20.  However, when the 
density increases to 30 g/m
2
 in A-VGCF30, severe VGCF agglomeration can be seen 
clearly. Such poor dispersion of VGCF may induce stress concentration and reduce 
bonding strength, which consequently results in the unstable crack propagation. 
Therefore, the Mode-I fracture toughness of A-VGCF30 is lower than those of 
A-VGCF10 and A-VGCF20 specimens. For the A-G-VGCF specimens, the similar 
VGCF dispersion states can be observed, which indicates that Mode-I fracture 
toughness of A-G-VGCF30 is lower than those of A-G-VGCF10 and A-G-VGCF20 
specimens. 
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Figure 3. 14 Fractured surfaces of CFRP/Al laminates (a) A-VGCF10; (b) 
A-G-VGCF10 
 
 
Figure 3. 15 VGCF dispersion in Al/CFRP laminates (a) A-VGCF10; (b) 
A-VGCF20; (c) A-VGCF30 
 
 
3.1.3.2 Mode-II interlaminar fracture toughness 
(a) Calculation of Mode-I interlaminar fracture toughness 
Figure 3.16 shows the typical load-displacement curves of representative specimens 
for each type of ENF CFRP/Al laminates. In this figure, the load increases rapidly in 
an approximate linear way before reaching to a peak load or critical load, then 
suddenly drops due to crack propagation. The corresponding average values of PC for 
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all the specimens, i.e., the critical loads in load-displacement curves, are summarized 
in Figure 3.17. The highest critical load is also observed in the specimen with 10 g/m
2
 
VGCF, which is much higher than that of VGCF0. However, as VGCF content is 
above 10 g/m
2
 (i.e., VGCF10), the critical load tends to decrease. The critical load of 
VGCF20 is only slightly higher than that of VGCF0. The critical load of VGCF30 is 
even lower than that of VGCF0. As shown in Figure 3.18, the variation of fracture 
toughness is similar to that of the critical load. The Mode-II fracture toughness 
increases to a peak at VGCF10, and then decreases gradually to the lowest value at 
VGCF30.  
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Figure 3. 16 Typical load-displacement curves for all kinds of CFRP/Al laminates 
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Figure 3. 17 Critical loads of various CFRP/Al laminates 
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Figure 3. 18 Fracture toughness at crack growth for various CFRP/Al laminates 
 
Figure 3.19 shows the increasing ratios of critical load and Mode-II fracture 
toughness of various specimens with VGCF addition compared to those of the 
VGCF0 specimens. The highest critical load and fracture toughness of VGCF10 were 
73.66% and 175.76% higher than those of VGCF0. The critical load and fracture 
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toughness of VGCF20 were slightly higher compared to those of VGCF0. However, 
for VGCF30, they are much lower than those of VGCF0, which may be ascribed to 
the poor dispersion of VGCF at 30 g/m
2
. 
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Figure 3. 19 Increasing ratios of critical load and fracture toughness for various 
specimens  
 
(b) Crack path and fractured surface observations 
To uncover the relevant toughening mechanisms involved, crack propagation path and 
fractured surfaces of the ENF tested laminates at the crack initiation position were 
observed by the confocal laser scanning microscope (LSM) and a scanning electron 
microscope (SEM) (JSM-6510A, JEOL Ltd.), respectively. Figure 3.20 shows the 
confocal LSM pictures of the specimens in side view at the position of 10 mm from 
the crack initiation point. It can be found from Figure. 3.20(a) that the main crack 
propagates at the interface of Al plate and CFRP laminates. This indicates that 
interfacial failure mainly occurs in the VGCF0 specimen, leading to the weak 
interfacial fracture toughness. For the VGCF10 specimen, as show in Figure 3.20(b), 
the crack deviates from the interface of Al plate and CFRP laminates into the VGCF 
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reinforced epoxy interlayer. Such deviation usually results in the increase of fractured 
surface area and requires additional energy for crack propagation in the VGCF 
reinforced epoxy. Moreover, due to the crack deflection into the VGCF reinforced 
epoxy, much more cohesive failure may occur. Cohesive failure caused by polymer 
molecular decohesion consumes larger energies for crack propagation than interfacial 
failure [8]. Furthermore, VGCF dispersed in the epoxy resin will be pulled out and 
broken. This plays a bridging role to hinder the micro-crack propagation in the VGCF 
reinforced epoxy resin as shown in Figure 3.21. From the above analyses, it reveals 
that the incorporation of proper addition of VGCF at interface of CFRP/Al laminates 
results in the enhancement of interlaminar fracture toughness. As for the VGCF20 and 
VGCF30 specimens, it can be found from Figures 3.20(c) and 3.20(d) that, similar to 
the VGCF0 specimen, the crack propagates mainly at the interface of Al plate and 
CFRP laminates. Therefore, the fracture toughnesses of the VGCF20 and VGCF30 are 
lower than that of the VGCF10. This indicates that the overdose of VGCF causes the 
decrease of the fracture toughness, which is probably caused by the poor dispersion of 
VGCF at high area density.  
Figure 3.22 shows the SEM pictures of the fractured surface of VGCF0, 
VGCF10, VGCF20 and VGCF30 specimens after ENF tests. Typical shear lips under 
Mode-II deformation were observed on the fractured surfaces of all specimens. 
However, it can be found in Figure 3.22(b) that there are more shear lips for the 
VGCF10 compared to those of the VGCF0, VGCF20 and VGCF30. Moreover, the 
shear lips for the VGCF10 are larger compared to the other specimens. The more and 
larger shear lips indicate that the damage zone of the VGCF10 in the ENF testing 
process is much larger compared to the other ones. Therefore, the more plastic 
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deformation caused by the larger damage zone is the main reason for the higher 
fracture toughness of the VGCF10. 
 
  
Figure 3. 20 Crack propagation of all kinds of CFRP/Al laminates: (a) VGCF0; (b) 
VGCF10; (c) VGCF20; (d) VGCF30 
 
 
Figure 3. 21 Schematic illustration of the toughening mechanism 
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VGCF dispersion states are shown in Figure 3.23. It can be found from Figure 
3.23(a) that the dispersion of VGCF is very good in the VGCF10 specimen. However, 
for the VGCF20 and VGCF30 specimens, non-uniform dispersion and aggregation of 
VGCF can be observed. This may induce stress concentration and low bonding 
strength between VGCF and epoxy resin, which consequently results in the unstable 
crack propagation. Therefore, the Mode-II fracture toughnesses of VGCF20 and 
VGCF30 are lower than that of VGCF10. 
 
   
Figure 3. 22 SEM images of fractured surface: (a) VGCF0; (b) VGCF10; (c) 
VGCF20; (d) VGCF30 
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Figure 3. 23 VGCF dispersion state: (a) VGCF10; (b) VGCF20; (c) VGCF30 
 
 
3.1.4 Summary 
In this section, we systematically investigated the improvement of the interlaminar 
mechanical properties of CFRP/Al laminates. The effects of several toughening 
methods were explored, which includes acid etching and mechanical pattering for 
surface treatment of Al alloy sheet, and nanofiller addition for interfacial enhancement. 
By performing DCB and ENF tests, the following conclusions can be drawn: 
(1) Acid etching and VGCF addition can effectively improve the critical load and 
Mode-I and Mode-II fracture toughness. 
(2) With the increased addition of VGCF, the fracture toughness initially increases, 
passes through a peak value, and then decreases. The optimum area density of VGCF 
at the interface is suggested to be 10 g/m
2
, at least for the present fabrication method. 
(3) The combination of mechanical patterning with acid etching can further enhance 
Mode-I interlaminar mechanical properties only for the case without VGCF addition. 
For the case of VGCF addition, it shows negative effect because of difficult dispersion 
of VGCF. 
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3.2 Improvement of interlaminar mechanical properties for GLARE 
3.2.1 Introduction 
Glass fiber reinforced plastics/aluminum laminate (GLARE) is a kind of FML hybrid 
composites, combining the advantages of metallic materials and fiber reinforced 
plastics. Since GLARE was invented, they have shown great potentials for various 
structural applications. For example, GLARE has been applied to Airbus A380 as a 
skin material for the upper fuselage and the leading edges of the vertical and 
horizontal tail planes [17]. However, the relatively weak bonding strength between 
metal and polymer makes the FMLs susceptible to crack initiation and propagation 
along the interfaces, which may lead to significant stiffness losses and premature 
failure, especially when subjected to compressive or shear loads.  
To enhance the bonding strength between the metal and polymer, various surface 
treatment methods
 
[9, 10, 18-23] (e.g., abrasion, anodizing, excimer laser texturing, 
plasma-sprayed coating, etc.) were employed. Zhang et al. [18] systematically studied 
the effects of various Al surface morphologies and roughness on the fracture 
resistance of the Al/epoxy interface. They found that the important parameter 
governing the fracture resistance of Al/epoxy interface is the microscopic roughness 
index rather than the nano-scale features of the Al surface. In contrast, Jang et al. [19] 
produced uniform nano-porous morphology using anodizing method across the micro 
line pattern on the Al surface. Their results indicate that the CFRP/Al specimen with 
nano-scale morphology in micro-scale line pattern possesses the highest maximum 
load bearing capacity compared with that of those only with micro-scale line pattern. 
Alfano et al. [20] investigated the effect of laser irradiation on the Al/epoxy bonding 
strength by using laser irradiation to change the Al surface morphology. They 
concluded that the surface morphology change may promote mechanical interlocking, 
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and leads to higher bonding strength. By employing Ar
+ 
ion irradiation treatment on 
the surface of CFRP, Rhee et al. [21] demonstrated that the fracture toughness of ion 
beam-treated CFRP/Al composites was about 72% higher than that of untreated case. 
They attributed this to the formation of hydrophilic functional bonds C=O (carbonyl 
group) and O-C=O (carboxyl group), which may lead to cohesive failure during 
interface delamination. Although these surface treatment methods can effectively 
enhance the mechanical properties of FMLs, they are generally expensive, time 
consuming and require special equipment, impeding their extensive applications. 
Through-thickness reinforcements such as transverse stitching and z-pinning have 
been widely used to hold the plies together to improve the interlaminar strength of 
fiber reinforced laminated composites [24-27]. These methods prove to be effective in 
hindering delamination and its induced reduction of buckling loads in various 
laminates but may lead to lower in-plane mechanical performance. Moreover, they are 
obviously unsuitable for FMLs.  
Recently, a technique known as interleaving has attracted great interests [12, 13, 
28-35].
 
For example Arai et al. [12] inserted carbon nanofibers, i.e., vapor grown 
carbon fiber (VGCF) and vapor grown carbon nanofiber (VGNF) between the CFRP 
prepreg sheets to improve the interlaminar fracture toughness. The Mode-I fracture 
toughness was enhanced by 50%, and the Mode-II fracture toughness was 2-3 times 
greater than conventional CFRP laminates. Using bucky paper as interleaves, which 
were fabricated by vacuum filtration of functionalized carbon nanofibers, into the 
interface between CFRP sub-laminates, Khan et al. [13] demonstrated 31% and 104% 
improvement in interlaminar shear strength and Mode-II fracture toughness, 
respectively. Lee et al. [28] introduced a carbon nanotube enhanced non-woven 
carbon tissue interleave to the interface of CFRPs. They reported that the Mode-I and 
 106 
 
Mode-II fracture toughnesses were enhanced by 35.3% and 246%, respectively. To 
date, there has been no report about using nanofillers toughened interleaves as the 
reinforcement for FMLs. In addition, it is not clear if the surface treatment methods 
on Al and interleaving approach can be combined to improve the interlaminar fracture 
toughness of FMLs. 
In this study, various toughing techniques including patterned surface 
manufacturing and acid etching treatment on the surfaces of Al alloy layers to increase 
their surface roughness. Moreover, a carbon nanofiller, i.e., VGCF was directly 
dispersed at the interface of GFRP and aluminum alloy plate to form a nanofiller 
interlayer. The mechanical property tests confirmed the significant increase of critical 
failure load and Mode-I and Mode-II fracture toughnesses. The toughing technique 
combined with acid etching treatment and nanofiller interlayer can be applied in the 
other fiber metal laminate composites such as steel, titanium, and magnesium based 
fiber metal laminate. 
3.2.2 Experiments 
3.2.2.1 Fabrication of specimens 
The materials used in fabrication of the GFRP/Al laminates are unidirectional GFRP 
prepregs (TOHO Tenax Co., Ltd.) and commercial Al alloy A2017 (TOHO 
Hitetsu-Kinzoku Co., Ltd.). VGCF (Showa Denko K.K.) was employed as the 
reinforcement in the interlayers. The detailed physical and mechanical properties of 
these materials are given in Table 3.4. The manufacturing process of DCB GFRP/Al 
laminates (Mode-I) specimens is as the same as described in section 3.1.2.2, in which 
patterned structures manufacturing and acid etching treatment were performed on Al 
sheets. According to the area densities of VGCF, as shown in Table 3.5, four kinds of 
specimens, i.e., 0, 10, 20 and 30 g/m
2
, were fabricated, which were named as 
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GFRP/Al, GFRP/Al(10), GFRP/Al(20), GFRP/Al(30), respectively. The DCB 
specimens only with acid etching treatment and VGCF addition were not included in 
this study, which will investigate in our future work. 
As for the ENF GFRP/Al laminates (Mode-II) specimens, the manufacturing 
process is schematically shown in Figure 3.24. First, two pieces of aluminum alloy 
plates and a piece of [0
o
]3 GFRP laminate were stacked together through a lay-up 
process. Then, VGCF with three different contents were dispersed at the interface 
between the lower GFRP/Al laminate and the upper aluminum alloy layers during the 
lay-up process, where a simple fabrication technology with low production cost, i.e., 
powder method [14], was employed. With this procedure, the VGCF/epoxy interlayers 
can be formed naturally by combining the VGCF powder and the epoxy resin leaked 
from the GFRP prepergs during the curing process. A polyamide film (Kapton, Toray 
Inc.) of 25 μm thickness was placed at one side of the laminate to create an initial 
crack. Then, the lay-up FMLs were wrapped by Kapton film and cured using a 
hot-press machine. The temperature and pressure used in the curing process are shown 
in Figure 3.24. In order to promote adhesion strength between the GFRP laminates 
and the Al alloy plate, acid etching treatment was applied to the surface of Al alloy 
plates, in which the Al alloy plates were soaked in 1 mol/L nitric acid for 24 h to 
increase their surface roughness. Figure 3.25 shows a confocal laser scanning 
microscopy (OLS4000, Olympus Co.) image of the surface morphology of the Al 
plate before and after the acid etching. It is clear that a rough surface on the Al plate 
consisting of many small grooves and holes was created by the acid treatment. The 
average diameter is about 18 μm and the depth of the holes ranges from 2 μm to 5 μm. 
The sizes of the holes can be adjusted through changing the acid concentration and 
processing time to match the sizes of VGCF (Table 3.2). Note that there exist many 
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small grooves or stripes on the surface of the supplied Al plate formed during 
manufacturing process (Figure 3.25), which may lead to anisotropy in the GFRP/Al 
laminates. To examine possible anisotropic effect on fracture toughness, the fiber 
direction was aligned in parallel or in perpendicular to the surface stripe direction. 
(Note that our experiments have shown that the rolling stripes of aluminum plate 
almost have no effect on the Mode-I fracture toughness of FML, therefore, in this 
study, we only investigate the effects of rolling stripes on Mode-II fracture toughness 
of FML.) With different surface treatment procedures, area density of VGCF and fiber 
direction, as shown in Table 3.6, twelve kinds of specimens were prepared. For 
simplicity, the specimens are referred as Plain-0
o
, A-V0-0
o
, V10-0
o
, A-V10-0
o
, 
A-V20-0
o
, A-V30-0
o
 and Plain-90
o
, A-10-90
o
, V10-90
o
, A-V10-90
o
, A-V20-90
o
, 
A-V30-90
o
 respectively, where “A” denotes the acid-treatment, “V” denotes the 
VGCF addition, “10, 20 and 30” indicate the area densities of VGCF (g/m2), and “0o 
and 90
o” represent the fiber direction, either in parallel or perpendicular to the stripe 
direction on the Al plates. For each type of specimen, three samples were prepared.  
 
 
Figure 3. 24 Schematic illustration of specimen fabrication process 
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Table 3. 4 Physical and mechanical properties of GFRP prepregs, A2017 and VGCF 
GFRP prepreg VGCF 
Young’s modulus 
( Fiber direction) 
48GPa Diameter 150nm 
Young’s modulus 
( Transverse 
direction) 
5GPa Length 10-20μm 
Glass fiber 
volume content 
65% Aspect ratio 10-500 
A2017 Density 2.0g/cm
3
 
Young’s modulus 72GPa Young’s modulus 273-760GPa 
Tensile strength 375MPa Tensile stress 2700-3500MPa 
 
 
 
 
 
 
Figure 3. 25 Surface morphology of the aluminum layers. (a) Before acid etching 
treatment; (b) After acid etching treatment 
 
Table 3. 5 Specimen types of GLARE for Mode-I test 
Mode-I 
Acid 
treatment 
Groove 
machining 
VGCF 
[g/m
2
] 
GFRP/Al ○ ○ 0 
GFRP/Al(10) ○ ○ 10 
GFRP/Al(20) ○ ○ 20 
GFRP/Al(30) ○ ○ 30 
100μm 
2μm 
100μm 
(a) 
 (b) 
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Table 3. 6 Specimen types of GLARE for Mode-II test 
Mode-II Acid treatment VGCF [g/m
2
] 
 Plain-0
o
 × 0 
V10-0
o
 × 0 
A-V0-0
o
 ○ 0 
A-V10-0
o
 ○ 10 
A-V20-0
o
 ○ 20 
A-V30-0
o
 ○ 30 
 Plain-90
o
 × 0 
V10-90
o
 × 0 
A-V0-90
o
 ○ 0 
A-V10-90
o
 ○ 10 
A-V20-90
o
 ○ 20 
A-V30-90
o
 ○ 30 
 
 
 
3.2.2.2 Test procedures 
The DBC and ENF test procedures and dimensions of specimens are identical as 
described in chapter 2, section 2.2.3. 
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3.2.3 Results and discussion 
3.2.3.1 Mode-I interlaminar fracture toughness 
(a) Calculation of Mode-I interlaminar fracture toughness 
Some typical load-COD curves are plotted in Figure 3.26, which shows the 
comparison of representative specimens for four types of GFRP/Al laminates, i.e., 
GFRP/Al, GFRP/Al(10), GFRP/Al(20), and GFRP/Al(30). From Figure 3.26, it can 
be found that the load increases rapidly in a linear way before reaching to a peak load, 
then gradually decreases except for the case of GFRP/Al (30). It implies that the crack 
propagates in a stable or ductile manner in most cases. Critical loads at crack initiation 
points PC, which were obtained by averaging the peak loads of three specimens for 
each type, are shown in Figure 3.27. From Figure 3.27, it can be found that PC of 
GFRP/Al(10), GFRP/Al(20), and GFRP/Al(30) are remarkably higher than that of 
base GFRP/Al specimen, which indicates the reinforcement effect of VGCF. The 
highest PC occurs in the case of GFRP/Al(30), which is about 3.3 times higher than 
that of the base GFRP/Al specimen. The PC of GFRP/Al(10) and GFRP/Al(20) are 
almost identical, which are 2.7 times higher than that of GFRP/Al. Although the 
critical load of GFRP/Al(30) is higher than those of GFRP/Al(10) and GFRP/Al(20), 
unlike GFRP/Al(10) and GFRP/Al(20), its load decreases suddenly during the crack 
propagation, implying a brittle fracturing process.  
Based on the load-COD curves of all fabricated samples and calculation formulas 
listed in chapter 2, section 2.2.3, the resistance curves for all types of GFRP/Al 
laminates are demonstrated in Figure 3.28. As for the GFRP/Al(10) and GFRP/Al(20) 
specimens, the fracture resistance increases with the crack extension until reaching to 
a high plateau, and then decreases to a stable level. This indicates that the fracture 
resistance was improved by the proper addition of VGCF for these two cases. 
 112 
 
However, for the GFRP/Al(30) specimen, the fracture resistance decreases from an 
initial point to a stable level in the crack propagation process, implying a lower 
resistant capability for crack extension. Figure 3.29 shows the effects of VGCF 
addition on the Mode-I fracture toughness GIC (resistant capability of crack 
initialization) and fracture resistance GIR (resistant capability of crack extension). 
Note that GIR was obtained by averaging the GIR values of 5 points within the range of 
crack length from 20 mm to 60 mm during the crack propagation process. It can be 
found from Figure 3.29 that, with addition of VGCF, the GIC was improved 
significantly. The GFRP/Al(30) specimen possesses the highest GIC which is about 
0.36 KJ/m
2 
under the DCB loading condition. It is approximately 10 times higher than 
the base GFRP/Al specimens. This value is very impressive for the interface of 
GFRP/Al laminates, which is even higher than GIC between two pure GFRP 
sub-laminates, which is about 0.2- 0.3 KJ/m
2 
[36]. The GFRP/Al(10) specimens also 
possess a good GIC value which is slightly higher than that of GFRP/Al(20). This 
value is about 6.8 times higher than that of the base GFRP/Al. For the fracture 
resistance GIR, it was also greatly improved by adding VGCF. However, the 
GFRP/Al(30) specimen has the lowest GIR. The GFRP/Al(10) specimen possesses the 
highest GIR value, which is approximately 10.7 times higher than that of the base 
GFRP/Al. The GIR of GFRP/Al(20) is only slightly higher than that of GFRP/Al(30). 
 113 
 
0 5 10 15 20 25
0
4
8
12
16
20
 GFRP/Al
 GFRP/Al(10)
 GFRP/Al(20)
 GFRP/Al(30)
L
o
ad
(N
)
COD(mm)
 
Figure 3. 26 Typical load-COD curves for various GFRP/Al laminates 
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Figure 3. 27 Critical loads at crack growth for various GFRP/Al laminates 
 
Usually there is another material parameter, i.e., the interlaminar tensile strength N, 
which is also partially related to the critical load PC. It should be tested independently, 
such as by a butt-joint test under tensile load. Or similar to our previous work [14], by 
matching numerical load-COD curves with experiment ones, it can be roughly 
identified using the finite element method simulations of delamination propagation. 
However, compared to GIC, this parameter has a comparatively very small effect on 
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PC, as identified in our previous studies [37, 38]. Therefore, in this work, we focus on 
the most important parameter GIC. 
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Figure 3. 28 R curves of various GFRP/Al laminates 
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Figure 3. 29 GIC and GIR in Mode-I for various GFRP/Al laminates 
 
(b) Crack path and fractured surface observations 
To uncover the relevant toughening mechanisms involved, the following experimental 
observations were conducted. 
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Figure 3.30 shows the low magnification optical micrographs of the specimens 
during the DCB tests. From Figure 3.30(a), it can be found that there is almost no 
glass fiber bridging during the crack propagation for the base Al/GFRP specimen, 
which indicates its low fracture toughness and resistance. On the other hand, when 
adding VGCFs into the interface between Al and GFRP laminates, significant fiber 
bridging can be observed as shown in Figures 3.30(b), 3.30(c) and 3.30(d). This 
indicates that the addition of VGCF can effectively induce the fiber bridging, leading 
to the improvement of the fracture toughness and resistance of GFRP/Al laminates. 
The underlying mechanism may be that, in the curing or diffusion process of the 
liquid epoxy resin, VGCFs move into the micro grooves and holes of the Al surface. 
Consequently, mechanical interlocking is formed after the epoxy resin is cured. Due 
to the formed mechanical interlocking, the crack path deviates from the interface of Al 
plate and GFRP laminate and steps into the VGCF layer or GFRP layer. Then, the 
VGCF and glass fiber are pulled out from the epoxy resin, leading to the fiber 
bridging after the addition of VGCF. This is demonstrated by observing the crack 
propagation with a confocal laser scanning microscopy (OLS4000, Olympus Co.) as 
shown in Figure 3.31, which describes the crack morphologies of various specimens 
at the crack initiation point. For the case of GFRP/Al, it can be found from Figure 
3.31(a) that the crack mainly propagates at the interface of Al plate and GFRP 
laminates in an interfacial manner. However, Figures 3.31(b), 3.31(c) and 3.31(d) 
reveal that, for GFRP/Al(10), GFRP/Al(20) and GFRP/Al(30), the crack deviates 
from the interface and propagates into the VGCF or GFRP layers in a cohesive 
manner. Such deviation of crack path from the interface usually results in the increase 
of fractured surface area and the additional energy associated with the crack 
propagation within the epoxy resin. Moreover, cohesive failure caused by the 
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molecular decohesion of the epoxy resin dissipates larger energy for crack 
propagation than interfacial failure. Furthermore, plastic energy dissipation in the bulk 
epoxy material can be effectively induced during the crack growth in the epoxy region 
rather than at the interface. Therefore, the addition of VGCF combined with acid 
etching treatment can effectively enhance the interface strength. 
 
 
Figure 3. 30 Low magnification optical micrographs of DCB tested samples (a) 
GFRP/Al, (b) GFRP/Al(10), (c) GFRP/Al(20), (d) GFRP/Al(30) 
 
Figure 3.32 shows the fractured surfaces of GFRP/Al and GFRP/Al(10) 
specimens which also confirm the aforementioned explanation. It can be found from 
Figure 3.32(a) that only small area of the fractured surface of GFRP/Al specimen is 
covered by residual epoxy, which implies the interfacial failure mode. Meanwhile, 
Figure 3.32(b) shows that almost the whole fractured surface of GFRP/Al(10) 
specimen is covered by residual epoxy resin modified by VGCFs, which indicates the 
more cohesive failures occurring in the GFRP/Al(10) specimen. Moreover, we can see 
that there are some fractured glass fibers in the fractured surface of GFRP/Al(10) 
specimen which play a “bridging” role to resist the delamination propagation. 
(a) (b) 
bridging 
bridging bridging (c) (d) 
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Therefore, the fracture toughness and resistance of GFRP/Al(10) is much higher than 
that of the base GFRP/Al specimen.  
 
 
Figure 3. 31 Crack propagation of (a) GFRP/Al, (b) GFRP/Al(10), (c) 
GFRP/Al(20), (d) GFRP/Al(30) at ⊿a=0mm 
 
The above exploration reveals that the incorporation of proper content of VGCF at 
the interface of the GFRP/Al laminates results in the significant enhancement of 
interlaminar fracture toughness and resistance. However, the reinforcement and 
toughening effects of VGCF interlayer depend on the area density of VGCF as 
described in above. They do not certainly increase as the addition amount of VGCF. 
The fracture toughness GIC increases with the increased addition of VGCF except for 
the case of GFRP/Al(20), while the fracture resistance GIR decreases with the 
increased addition of VGCF from 10 g/m
2
. This can be explained by observing Figure 
3.33, which shows the dispersion state of VGCF in the three kinds of specimens. The 
good dispersion of VGCF in GFRP/Al(10) specimen can be identified. However, for 
the case of GFRP/Al(20), as shown in Figure 3.33(b), some mild VGCF aggregates 
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can be observed at the fractured surface. When the VGCF area density increases to 30 
g/m
2
, as shown in Figure 3.33(c), the fractured surface contains more defects or 
aggregates caused by insufficient dispersion of VGCF. The aggregation of VGCF may 
induce local stress concentration, which consequently results in the unstable crack 
propagation. Therefore, the fracture resistance GIR of GFRP/Al(20) and GFRP/Al(30) 
are lower than that of GFRP/Al(10). 
Moreover, the highest fracture toughness GIC of GFRP/Al(30) may be explained 
by that the VGCF layer of GFRP/Al(30) is thicker than that of the other specimens 
due to its highest VGCF loading. At the crack initiation point, when a crack 
propagates through this thicker VGCF layer (see Figure 3.31) in a cohesive failure 
mode, more energy is inevitably needed. In addition, for the case of GFRP/Al(30), the 
crack propagation is accompanied by pull-out of more VGCF nanofibers from epoxy 
resin at the crack starting point, due to its highest loading of VGCF.  
 
 
100μm 100μm
 
Figure 3. 32 Fractured surface of (a) GFRP/Al, (b) GFRP/Al(10)  
 
(a) (b) 
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Figure 3. 33 Dispersion of VGCF (a) GFRP/Al(10), (b) GFRP/Al(20), (c) 
GFRP/Al(30) 
 
 
3.2.3.2 Mode-II interlaminar fracture toughness 
(a) Mode II interlaminar fracture toughness 
The typical load-crack opening displacement (COD) curves are plotted in Figure 3.34, 
which show the comparison of representative specimens for each type of 0
o
 and 90
o
 
GFRP/Al laminates. It can be observed that the load increases rapidly in an 
approximate linear way up to a peak load, then suddenly drops due to crack 
propagation. Note that for the specimens with different VGCF loadings, there are 
slight differences in the initial slopes of the load-COD curves, i.e., different Young’s 
moduli. All specimens with VGCF have a higher slope compared to the plain 
specimens. The slope increases with VGCF added. The average critical loads PC of 
the three samples of different cases are shown in Figure 3.35. It can be found that the 
critical load of V10, A-V0 specimens (both 0
o
 and 90
o
 specimens) increases rapidly 
compared to that of the plain specimens, confirming the toughening effects of both 
acid etching treatment and addition of VGCF. For the acid treated specimens, the 
critical load further increases with the proper addition of VGCF. The highest critical 
load is observed in the specimen with 10 g/m
2
 VGCF. However, as VGCF content is 
(a) (b) (c) 
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above 10 g/m
2
, the critical load starts to decrease. The critical load of these specimens 
with 30 g/m
2 
VGCF is even lower than that of the specimen (A-V0) without VGCF 
addition. Note that the critical loads of 90
o
 specimens with VGCF are higher than 
those of the 0
o
 specimens. This implies that the angle between the stripe on the Al 
plates and the fibre direction has a great effect on the Mode-II interlaminar 
mechanical properties. As shown in Figure 3.36, the change of fracture toughness is 
similar to the critical load. The Mode-II fracture toughness increases in the order of 
plain, V10, A-V0 to A-V10 specimens. However, when VGCF addition is over 10 
g/m
2
, the fracture toughness starts to decrease for both 0
o
 and 90
o
 specimens. 
 
 
 
 
Figure 3. 34 Typical load-displacement curves for all kinds of (a) 0
o
 GFRP/Al 
laminates; (b) 90
o
 GFRP/Al laminates 
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Figure 3. 35 Critical loads of various GFRP/Al laminates 
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Figure 3. 36 Fracture toughness at crack growth for various GFRP/Al laminates 
 
Figure 3.37 shows the increasing ratios of critical load and fracture toughness of 
various treated specimens compared to those of the plain specimens. It can be found 
that the A-V10-90
o
 specimen has the highest critical load and fracture toughness, i.e., 
124% and 385% higher than those of the plain specimen. The data of the increasing 
ratio for the A-V10-0
o
 specimen are 103% and 269%, respectively. Figure 3.38 gives 
a comparison between the 90
o
 specimens and the 0
o
 specimens, i.e., difference ratio. It 
can be observed that the 90
o 
specimens have 15.3%-73.6% higher fracture toughness 
and 3.86%-30.56% higher critical load than the 0
o 
specimens. The most significant 
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anisotropy appears in the case of A-V30, with 30 g/m
2
 VGCF addition. This indicates 
that the original surface condition of Al plates may have a great effect on the Mode-II 
fracture toughness, especially for the specimens with high contents of VGCF. 
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Figure 3. 37 Increasing ratios of critical load and fracture toughness for all kind of 
specimens. (Increasing ratio: (PIncreased-PPlain)/PPlain, “P” denotes GIIC or Critical load, 
“Increased” denotes samples of acid treatment or VGCF addition, and “Plain” denotes 
pristine samples) 
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Figure 3. 38 Difference ratios of critical load and fracture toughness of 90
o
 specimens 
compared to 0
o
 specimens. (Difference ratio: (P90
o
-P0
o
)/P0
o
 , “P” denotes GIIC or 
Critical load, “90o” denotes 90o samples, and “0o” denotes 0o samples) 
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(b) Crack path and fractured surface observations 
To uncover the relevant toughening mechanisms involved, the following experimental 
observations were conducted. For the sake of brevity, only 90
o
 specimens were used. 
Figure 3.39 shows the edge view optical microscopy pictures of the specimens during 
the ENF tests at the position of 10 mm from the crack initiation point. From Figure 
3.39(a), it can be found that the main crack propagates between the interface of Al and 
GFRP layers. This indicates the weak interface toughness for the plain specimen. 
After VGCF addition, as show in Figure 3.39(b), the crack propagates at the interface 
of Al and VGCF reinforced epoxy interlayer. As the bonding between the VGCF 
interlayer and Al may be stronger than that between the pure epoxy and Al, the 
fracture toughness of V10 specimen is higher than that of the plain specimen. When 
acid etching process was applied on the surface of Al plate (no VGCF addition), as 
descried in Figure 3.39(c), the crack propagates at the interface of Al and GFRP layers. 
However, there is remarkable glass fiber bridging during the crack propagation which 
indicates the good adhesion between the Al and GFRP layer caused by the acid 
etching treatment. As for the A-V10 specimen, it can be found from Figure 3.39(d) 
that the crack propagates at the interface of VGCF interlayer and GFRP layer. 
Because the strong adhesion between the VGCF interlayer and GFRP layer, there is 
considerable glass fiber bridging and at some places, the crack deviated from the 
interface of VGCF interlayer and GFRP layer into the VGCF interlayer or GFRP layer. 
Such fiber bridging and crack deviation usually result in the additional energy 
associated with the crack propagation. With increasing addition of VGCF, e.g., A-V20 
and A-V30, as show in Figures 3.39(e) and Figure 3.39(f), the crack almost 
propagates within the weak GFRP layers, and a lot of glass fibers are broken during 
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the crack propagation process. This may indicates their relatively lower fracture 
toughness compared to that of A-V10 specimen. 
 
 
Figure 3. 39 Crack propagation of all kinds of GFRP/Al laminates (a) Plain; (b) 
V10; (c) A-V0; (d) A-V10; (e) A-V20; (f) A-V30 
 
 
Figure 3. 40 Fractured surface observation of all kinds of GFRP/Al laminates (a) 
Plain; (b) V10; (c) A-V0; (d) A-V10; (e) A-V20; (f) A-V30 
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To further elucidate the mechanism, the fractured surfaces of all GFRP/Al 
laminates were observed with the laser scanning microscopy, as shown in Figure 3.40. 
It can be found from Figure 3.40(a), there is only a little residual epoxy on the 
aluminum surface which implies more interfacial failures and weak adhesion for the 
plain specimen. For the V10 and A-V0 specimens, as show in Figure 3.40(b) and 
Figure 3.40(c), a lot of residual VGCF modified resin or pure epoxy resin exist on the 
aluminum surfaces which indicates the more cohesive failures within epoxy polymer 
occurring in these specimens. Therefore, the Mode-II fracture toughness of V10 and 
A-V0 specimens are higher than that of the plain specimen. Meanwhile, Figure 
3.40(d) shows that almost the whole fractured surface of A-V10 specimen was 
covered by residual epoxy resin modified by VGCF. Moreover, there are some 
fractured glass fibers in the fractured surface of A-V10 specimen which play a 
“bridging” role to resist the crack propagation. Therefore, the fracture toughness of 
A-V10 is much higher than those of all other specimens. When VGCF loading is 
increased to 20 g/m
2
 and 30 g/m
2
, as shown in Figure 3.40(e) and Figure 3.40(f), the 
fractured surfaces were covered by glass fibers. This indicates that the fracture 
propagates into the weak GFRP layer for the A-V20 and A-V30 specimens, leading to 
the decreased fracture toughness. Figure 3.41 shows the scanning electron microscopy 
(SEM) pictures of the fractured surface of A-V10, A-V20 and A-V30 specimens after 
ENF testing. Typical shear lips for the Mode-II deformation were observed on the 
fractured surface of all these specimens. However, it can be found from Figure 3.41 
that the number of shear lips for the A-V10 specimen is more than those of the A-V20 
and A-V30 specimens. Moreover the sizes of shear lips for the A-V10 specimen are 
larger compared to those of A-V20 and A-V30 specimens. The more and larger shear 
lips indicate that the damage zone of A-V10 is much larger than those of the A-V20 
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and A-V30 specimens in the ENF testing process. Therefore, the more plastic 
deformation caused by the larger damage zone is the main reason for the higher 
fracture toughness of the A-V10 specimens. VGCF dispersion states are shown in 
Figure 3.42. It can be found from Figure 3.42 that the VGCF is dispersed very well in 
the A-V10 specimen. However, when the density increases to 20 g/m
2
 and 30 g/m
2
, 
non-uniform dispersion and aggregation of VGCF can be observed. This may induce 
stress concentration and low bonding strength between VGCF and epoxy resin, which 
consequently results in the unstable crack propagation. Therefore, the Mode-II 
fracture toughness of A-V20 and A-V30 are lower than that of A-V10 specimen. 
 
 
Figure 3. 41 SEM images of fractured surface (a) A-V10; (b) A-V20; (c) A-V30 
 
Figure 3. 42 VGCF dispersion condition (a) A-V10; (b) A-V20; (c) A-V30 
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Figure 3. 43 Schematic illustration of the toughening mechanism of the rolling 
stripes. 
 
The above exploration reveals that the acid etching treatment on the aluminum 
surface and incorporation of proper content of VGCF at the interface of the GFRP/Al 
laminates result in significant enhancement of interlaminar Mode-II fracture 
toughness. The reinforcement and toughening effects of rolling stripes on Al plates for 
the 90
o 
specimens may be explained as follows. In this case, the rolling stripes are 
perpendicular to the fiber direction and the crack propagating direction as shown in 
Figure 3.43. During the ENF test, the rolling stripes will hinder the crack propagation 
at the interface of Al layer and GFRP layer which may force the crack deviated from 
the interface to epoxy resin layer, therefore cause much more cohesive failure. This 
improvement mechanism is just the same as that described by Kim and Yun et al. [8, 
39]. They made patterned line on the metal surface to enhance the fracture toughness 
of FMLs. Here, the so-called “patterned lines” are the rolling stripes formed in the 
manufacture process of Al plates. While for the 0
o 
specimens, the rolling stripes are 
parallel to the fiber and crack propagating direction, which cannot impede the crack 
propagation as effectively as the 90
o 
specimens. From the results mentioned in section 
90
o
 
0
o
 
Al 
Al 
Crack 
Epoxy+VGCF 
10μm 
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3.2.3.2(a), it can be found that the fracture toughness of Plain-0
o
 and Plain-90
o 
are 
almost the same, while after acid etching treatment and addition of VGCF, the fracture 
toughness of 90
o 
specimens are obviously higher than that of the corresponding 0
o 
specimens. This is because before acid etching treatment, the sizes of rolling stripes 
are very small, which is not big enough to lead the reinforcement effect. However, 
after acid etching treatment, the rolling stripes become more obvious and their sizes 
increase as evidenced by Figure 3.25. The reason might be the different reaction 
speeds at the groove and bulge regions. Therefore, the fracture toughness of the 90
o 
specimen is higher than that of the 0
o 
specimen after acid etching treatment. Moreover, 
when VGCF is added into the interface of Al and GFRP, it will be dispersed into the 
grooves and hole during the curing process as shown in Figure 3.43. VGCF will be 
broken or pulled out from the epoxy resin in the crack propagation process which 
further improves the reinforcement effects of the rolling stripes. 
3.2.4 Summary 
In this study, we systematically investigated the effect of acid etching treatment and 
VGCF interlayer on the Mode-I and Mode-II interlaminar fracture toughness of 
GFRP/Al laminates. The effect of the angle between the rolling stripes of aluminum 
plate and the fiber direction on Mode-II interlaminar fracture toughness was also 
investigated. By employing VGCF as nanofiller added into the interface of GFRP/Al 
laminates combined with acid etching and patterned structure manufacturing on the 
surface of Al plate, the Mode-I fracture toughness and resistance of GFRP/Al 
laminates were improved significantly. By comprehensively considering the obtained 
fracture toughness and resistance, in this study, the surface area density of 10 g/m
2
 
was identified as the optimal addition amount for the Mode-I fracture toughness of 
GFRP/Al laminates. For Mode-II fracture toughness, the experimental results of ENF 
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test confirmed that with proper addition of VGCF and acid etching treatment, the 
Mode-II fracture toughness of GFRP/Al laminates can be greatly improved. The 90
o
 
specimens had much higher Mode-II fracture toughness than that of the 0
o
 specimens. 
The 385% increase of Mode-II fracture toughness was achieved in the 90
o
 specimens 
with the acid treatment and 10 g/m
2
 VGCF addition. The improvement mechanisms 
were thoroughly explored by the observation of the crack propagation path and 
fractured surfaces. 
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4 Numerical investigation of 
interlaminar mechanical properties of 
CFRP and FML 
 
The experimental investigations on the interlaminar mechanical properties of CFRP 
and FML laminates were described on the above chapters. In this chapter, finite 
element analyses were carried out based on cohesive zone model to numerically 
simulate delamination propagation in CFRP and FML laminates. By matching the 
numerical and experimental results with the lowest error, interlaminar tensile and 
shear strengths were obtained. The numerically predicted interlaminar tensile and 
shear strengths of CFRP and FML laminates also show their great improvements 
using the above mentioned experimental toughening methods. 
4.1 Introduction 
It is well known that the damage phenomena in laminated composite materials is very 
complicated which can be divided into two categories. The first one is various 
in-plane damages, such as transverse matrix cracking, fiber broken, etc. The second 
one is the interface damages, i.e., delamination or interfacial cracking between 
composite layers, which is one of the most predominant forms of damage in laminated 
fiber-reinforced composites. Delamination easily occurs in various circumstances 
especially under transverse loadings, which will cause a significant reduction in the 
compressive load-carrying capacity therefore effect the structural integrity of 
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composite structures. It is very crucial to understand the mechanisms of the initiation 
and propagation of delamination for properly designing laminated composite 
structures. To this end, massive efforts including experimentally and numerically 
investigation have been expended. In the following, only the studies in the field of 
theoretical models and numerical simulations are briefly reviewed. 
    Traditional methods to analysis delamination in composites materials include the 
stress-based criteria methods and linear elastic fracture mechanics (LEFM) [1]. The 
stress-based approaches are usually employed to predict the initiation of delamination 
by calculating the point-wise interlaminar stresses and using maximum stress or strain 
criteria. For example, Whitney and Nuismer [2] proposed a point or average stress 
criteria to analyses delamination initiation for notched laminates. Kim and Soni [3] 
used the average stress failure criterion to predict the delamination onset load in 
carbon fiber reinforced plastics under in-plane tensile and compressive loading, in 
which the tensile interlaminar normal stress is predominant. The quadratic interaction 
of the interlaminar stresses in conjunction with a characteristic distance was generally 
used if the interlaminar shear stresses are also present [4]. However, the point-wise 
stress/strain criteria have been proven to be not sufficient to simulate delamination, 
especially in the case of free-edge delamination around an open hole or a notch. 
Whitney and Nuismer [2, 5] introduced a characteristic length scale into the 
delamination criterion instead the point stresses or strains. However, it has been 
proven that the length scale is not a material constant. 
Currently, there is an evolving trend to develop the fracture mechanics-based 
approach to analyses of delamination growth and evaluate the energy release rate G 
[6-11]. This approach assumes a singular stress field exists around the delamination 
crack tip. The energy-based criterion i.e., the fracture toughness as a failure criterion 
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is most commonly used in this approach. The fracture toughness can be considered as 
a material constant. For instance, Sun and Jih [9] have investigated Mode-I and 
Mode-II energy release rates for interfacial cracks between dissimilar isotropic solids. 
Sun and Manoharan [10] extended the energy release rate approach to analyze 
interfacial cracks between two orthotropic solids.  
For more complicated composite structures, the fracture mechanics based 
criterion is typically introduced into finite element method (FEM) formulations 
through specially designed crack-tip element to calculate the singular stress field in 
detail. It is normally performed by means of the Virtual Crack Closure Technique 
(VCCT) [12], or using cohesive finite elements based on cohesive zone model [4, 
13-21]. 
Virtual crack closure technique (VCCT) was first proposed by Rybicki and 
Kanninen [22] for 2D crack problems and then by Shivakumar et al. [23] and Raju 
and Shivakumar [24] for 3D crack problems. The VCCT technique is based on the 
assumption that the energy released in the delamination propagating process is equal 
to the work required to close the crack back to its original length. The energy release 
rate, GI, GII and GIII which related to Modes-I, -II, and -III respectively, can then be 
computed from the nodal forces and displacements obtained from the solution of a 
finite element model. The approach is computationally effective since the energy 
release rate can be obtained from only one analysis. However, VCCT has its own 
limitations in the simulation of progressive delamination in real composite structures. 
First, numerical instabilities and mesh-dependence in the numerical results are easily 
introduced by the oscillatory nature of the singular crack-tip stress field which led to a 
very restrictive rule for the crack-tip element size [25] or moving mesh techniques is 
needed to advance the crack [26]. Moreover, crack grows in VCCT are usually 
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assume in a self-similar fashion which is not so effective in dealing with cases of 
varying mixed mode fracture conditions [27]. Furthermore, an initial delamination 
must be defined in VCCT. However, it is difficult to determine the location of the 
delamination in realistic structures for certain geometries and load cases.  
The use of cohesive finite elements can overcome some of these above 
difficulties. Cohesive elements are based on a cohesive zone modeling (CZM) 
approach that first proposed by Dudgale-Barenblatt [28, 29]. These elements use 
failure criteria of stress-based analysis to predict the delamination initiation process at 
the interface of laminates and failure criteria of fracture mechanics to predict 
delamination propagation. Therefore, it can predict both onset and propagation of 
delamination without previous knowledge of the crack location and propagation 
direction. For this reason, non-self-similar delamination growth, where the 
delamination front changes its shape throughout the loading history, can also be 
predicted. Due to their inherent simplicity and efficiency, various cohesive types of 
cohesive elements [30-32] have been developed ranging from zero-thickness 
volumetric elements connecting solid elements [33], finite-thickness volumetric 
elements connecting shell elements [34], and line elements [35]. For example, 
Camanho et al. [4] proposed a new decohesion element with the capability of dealing 
with crack propagation under mixed-mode loading. Turon et al. [36] developed a 
thermodynamically consistent damage model for the simulation of progressive 
delamination in composite materials under variable-mode ratio. Hu et al. [37] propose 
a new cohesive model to stably and accurately simulate the delamination propagations 
in composite laminates under quasi-static and low-velocity impact transverse loads 
using comparatively coarse meshes. Those developed cohesive elements have been 
widely used in simulation of crack and delamination in concrete [30], macromolecular 
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based polymer materials [38, 39], composites [40, 41], bond joints [42], bimaterial 
interfaces [43] and dynamic fracture of homogeneous materials [44].  
As described in chapters 2 and 3, the Mode-I and Mode-II fracture toughnesses, 
and critical load PC at crack initialization of CFRP and FML laminates were estimated 
experimentally. The interlaminar tensile and shear strengths, which are related to the 
critical load PC, should be investigated as well. Therefore, in this chapter, finite 
element model based on the cohesive zone model were built to numerical investigate 
the interlaminar properties of CFRP and FML laminates. 
 
4.2 Theory of cohesive element  
A lot of cohesive element models have been proposed as described above to simulate 
the delamination propagation at interfaces of laminate composites. Here, as shown in 
Figure 4.1, the kinematics and constitutive model of a zero-thickness cohesive 
element with eight-nodes (three-dimensional (3D) elements) proposed by Camanho et 
al. [4] is briefly described, which can be easily adapted to be used with 
two-dimensional (2D) finite element models. 
4.2.1 Element kinematics 
The constitutive equation of zero-thickness cohesive elements is established in terms 
of relative displacements and tractions across the interface. The relative displacements 
for an element with a general orientation in 3D space are defined using a procedure 
based on the works of Ahmad et al. [45] and Beer [46]. 
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Figure 4. 1 Model of Cohesive Element 
 
When a load applied at the zero thickness cohesive element, the relative displacement 
occurs between the upper and lower nodes of the zero thickness cohesive element. 
The vector defining the relative displacement in global coordinates,  , can be 
defined by the following equation. 
4 4 4
1 1 1
( )i i i k ki k ki k ki ki
k k k
u u N u N u N u u     
  
                (4.1) 
where 
kiu  and 

kiu  are the displacements in the ith direction (i=1~3) of the kth top 
and bottom nodes of the element., respectively. Nk are standard Lagrangian shape 
functions．According to the above equation, the relative displacement matrix Δ can be 
expressed by the following equation. 
Nu                        (4.2) 
Here, N is the matrix with dimension of 3 × 24, u is the displacement vector u ={u1, 
u2, u3}
T． 
Generally, the normal and tangential relative displacements must be calculated 
from the local coordinates for a general element shape and alignment. The tangential 
plane at a given point is spanned by two vectors V and V  which is obtained by 
Zero-thickness 
cohesive element Z，u 3 
δ 3 δ 2 
δ 1 
Y，u 2 
X，u 1 
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differentiating the global position vector with respect to the natural (local) 
coordinates:  
 ,ixV i  ,  ,ixV i    (4.3) 
By using the shape functions of element, the global position vector is obtained as: 




  ki
k
kki
k
ki xNxNx
4
1
4
1
                (4.4) 
where “+” and “-” indicate the top and bottom surfaces of cohesive element 
respectively. According to equations (4.3) and (4.4), the components of the two 
vectors that define the tangential plane of the cohesive element can be defined by the 
following equation. 
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Generally, the vectors of V  and V  are not orthogonal to each other. However, the 
local normal coordinate vector nv  can be obtained by the vector product of V  
and V ． 
1
)(

  VVVVVn                 (4.6) 
The tangential coordinates are then obtained as: 
1
  VVVu   (4.7) 
v n u V V V                          (4.8) 
The components of nV ， uV  and vV  represent the direction cosines of the local 
coordinate system to the global coordinate system. Therefore, the transformation 
matrix Φ can be defined by using nV ， uV  and vV . The relative displacements 
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 1 2 3
Τ
,  ,  s   δ  in local coordinates obtained from the displacement vector 
 1 2 3
Τ
,  ,  u u uu  in the global coordinates as follows: 
uBNu ss                     (4.9) 
The constitutive relationship of the cohesive element, Ds at each integration point, 
relates the tractions, sτ , to the relative displacements sδ  as 
sss  D                            (4.10) 
According to the principle of virtual work, the following equation can be obtained 
0 fu
T
s
T
s ddd                        (4.11) 
Based on equation (4.9) - (4.11), the following equation is obtained. 
0 fB ds
T
s                          (4.12) 
Finally，the stiffness matrix of the cohesive element can be obtained as follows． 
 





1
1
1
1
 ddd ss
T
sss
T
ss VVBDBBDBK          (4.13) 
It should be noted that, with respect to bending deformation, locking phenomenon 
occurs when using traditional Gaussian integration techniques, therefore, The 4×4 
Newton-Cotes closed integration scheme, which can overcome the locking caused by 
the strong initial interface stiffness [47], is adopted in this work． 
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           (4.14) 
(W: The weighting factor in the numerical integration of Newton-cotes) 
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4.2.2 Constitutive equation of cohesive model 
In order to accurate simulate the interlaninar crack propagating in composite materials, 
it is an essential task to build up an appropriate constitutive equation in the 
formulation of the cohesive element. In cohesive zone model, a process zone or 
cohesive zone ahead of the delamination tip is proposed which physically represents 
the coalescence of crazes in the resin rich layer located at the delamination tip and 
reflects the way by which the material loses the capacity of load carrying. Figure 4.2 
shows the cohesive zone and the constitutive behavior in specimens loaded in pure 
Modes-I, -II or -III. As shown in Figure 4.2, for a bi-linear model in the case of typical 
pure Modes-I, -II or -III, the stiffness of the cohesive element at an integration point 
of the cohesive element is gradually reduced to zero when the interfacial normal or 
shear tractions attain their respective interlaminar tensile or shear strengths at this 
point of the cohesive element. The softening onset displacements are obtained as 
 
KN /03  , KS /
0
2  , KT /
0
1                (4.15) 
where N, S and T are the interlaminar tensile and shear strengths, respectively, and K 
is the initial stiffness of interface. 
 
 
Figure 4. 2 Constitutive law of cohesive interface element. 
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For the pure mode fracture, the final relative displacement f
3 , 
f
2  and 
f
1 , 
corresponding to complete decohesion, are defined by the area under the 
traction-relative displacement curves which represent the respective (Modes-I, -II, -III) 
fracture toughness (GIC, GIIC, GIIIC). 
 
f
ICGd
3
0
33

 ,  
f
IICGd
2
0
22

 ,  
f
IIICGd
1
0
11

          (4.16) 
The final relative displacements are then obtained as: 
 
NGIC
f /23  , SGIIC
f /22  , TGIIIC
f /21              (4.17) 
For the mixed-mode, quadratic failure criterion [48] is employed to predict the onset 
of damage, which has been successfully applied by many researchers to predict the 
onset of delamination. 
2 2 2
3 2 1 1
N S T
       
       
    
                     (4.18) 
The total relative displacement m  for mixed-mode is defined as 
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2
1   shearm                 (4.19) 
where shear  represents the norm of the vector defining the tangential relative 
displacements of the element, and the MacCauley bracket (i.e.  ) is defined as 
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xx
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x                           (4.20) 
Furthermore, maxm  is defined to be the maximum total relative displacement of 
one integration point within one cohesive element in the loading history. 
If assume S=T, the single-mode relative displacements at softening onset can be 
obtained by following equations: 
 
KN /03  , KSshear /
00
2
0
1                    (4.21) 
For an opening displacement 3 greater than zero, the mode mixity ratio  is 
defined as: 
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3

 shear                               (4.22) 
The mixed-mode relative displacement corresponding to the onset of softening, 
i.e. 0
m , is defined as 
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For the delamination propagation, from the mixed-mode criterion proposed by 
Benzeggagh and Kenane [49], i.e., B-K model, there is 
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 is chosen through the comparison with experimental results (usually it is ranging 
from 1.3 to 1.8). 
The constitutive matrix Ds in equation (4.10) for mixed-mode is defined by the 
penalty parameter or initial stiffness of interface K, the damage evolution function d, 
and the mixed-mode relative displacements corresponding to delamination initiation 
and total decohesion, 0
m  and 
f
m , respectively, as: 
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where sr  is the Kronecker delta. It should be noticed that the above equation avoids 
the interpenetration of the crack faces of the cohesive element for softening and 
complete decohesion states.  
intact 
softening 
complete decohesion 
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4.3 FEM model  
4.3.1 DCB and ENF model for CFRP 
As shown in Figure 4.3, two finite element analysis (FEA) models were built up using 
ABAQUS to simulate the processes of crack initialization and subsequent propagation 
in DCB and ENF specimens of CFRP laminates, respectively. The first-order plane 
strain element (CPE4I) with incompatible modes was chosen to model the CFRP 
laminates, which can not only overcome the shearing locking problem in the 
simulation of bending deformation when using the first-order element but also save 
computational cost compared to the second-order element. The interface between two 
sublaminates was modelled by zero thickness cohesive element (COH2D4) as 
described in the above section. Note that the cohesive element size along the length 
direction of beam was controlled to be smaller than 0.5 mm to overcome strong 
numerical instabilities in crack propagation simulations [37, 41]. The total number of 
elements in the models was 2100 for DCB specimen and 1960 for ENF specimen, 
respectively. Table 4.1 shows the detailed material parameters of CFRP laminates in 
simulations. Table 4.2 lists material properties of cohesive element. Here, K is the 
initial stiffness of cohesive elements before crack propagation. The experimental GIC 
and GIIC were directly adopted. 
 
Table 4. 1 Material properties of CFRP laminates 
E11 E22= E33 G12=G13 G23 ν12=ν13 ν23 
138 GPa 10 GPa 6.0 GPa 3.7 GPa 0.27 0.45 
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Figure 4. 3 FEA models for CFRP laminates: (a) DCB speicimen; (b) ENF specimen 
 
Table 4. 2 Material properties of cohesive element for CFRP laminates 
Fracture 
mode 
Specimen K [GPa/mm] GIC [KJ/m
2
] N [MPa] 
Mode-I 
Plain 350 0.161 30 
CB15 350 0.242 40 
GO2 350 0.436 50 
Fracture 
mode 
Specimen K [GPa/mm] GIIC [KJ/m
2
] S [MPa] 
Mode-II 
Plain 350 0.82 90 
CB15 350 1.98 130 
 
 
4.3.2 DCB and ENF model for FML 
For Mode-I simulation of FML laminates, the FEA model in Figure 4.4 was built up 
to simulate crack initiation and propagation processes in DCB tests. While Al alloy 
sheet and CFRP or GFRP were modelled with plane strain element (CPE4I), and the 
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interface between Al sheet and FRPs was modelled by cohesive element (COH2D4). 
The total number of elements in the model is 19798. The cohesive element size along 
the length direction of beam was controlled to be smaller than 0.3 mm to overcome 
strong numerical instabilities in crack propagation simulations [37, 41]. The grooves 
on the Al sheet for A-G-VGCF specimens were also modelled. Table 4.3 shows the 
detailed material parameters of Al alloy sheet, CFRP and GFRP laminates in 
simulations. Material properties of cohesive element for Mode-I are listed in Table 3. 
Note that K is the initial stiffness of cohesive elements before crack propagation, and 
GIC is the experimental value obtained in chapter 3. 
 
 
  
Figure 4. 4 Mode-I FEA model for FML laminates 
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Table 4. 3 Material properties of FML laminates 
Materials E11 E22= E33 G12=G13 G23 ν12=ν13 ν23 
CFRP 138 GPa 10 GPa 6.0 GPa 3.7 GPa 0.27 0.45 
GFRP 48 GPa 5 GPa 4.0GPa 2.8GPa 0.25 0.45 
Al2017 72Gpa    0.33  
 
 
Figure 4. 5 Mode-II FEA model for FML laminates 
 
For Mode-II simulation of FML laminates, instead of experiments, two 
dimensional FEM simulations of Mode-II crack propagation were carried out using 
ABAQUS to obtain interlaminar strength as shown in Figure 4.5. The interlaminar 
tensile strength in numerical simulations was assumed to be equal to the shear 
strength, since, basically, this value has a minor impact on the numerical results in 
ENF tests. The experimental evidence for this assumption can be found in [50], where 
it was observed that micro cracks in the process zone were oriented to 45
o
 relative to 
global crack propagation direction in the ENF tests of composite. By employing a 
cohesive element COH2D4 of the ABAQUS code to model the VGCF interlayer, the 
crack initiation and propagation processes in ENF tests were simulated. The cohesive 
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element size along the length direction of beam was also controlled to be smaller than 
0.3 mm to overcome strong numerical instabilities resulted by large cohesive elements 
[37, 41]. A plane strain element CPE4I was used to model the FRP sublaminates and 
aluminum plates. The total number of elements in the model is 7020. In order to exam 
the mesh convergence problem of the FEM model. Two different element sizes i.e. 
0.298 mm and 0.25 mm were chosen to build the model. The simulation results 
showed that the relative difference was within 2%, which indicates the FEM model 
has good convergence property and stability. Table 4.5 gives the detailed material 
properties of cohesive element for Mode-II, where K is the initial stiffness of cohesive 
elements before crack propagation and S is the shear strength. 
 
 
Table 4. 4 Mode-I material properties of cohesive element for FML laminates  
FML Specimen K [GPa/mm] GIC [KJ/m
2
] N [MPa] 
CARALL 
 
A-VGCF0 100 0.0337 8 
A-VGCF10 100 0.22 20 
A-G-VGCF0 100 0.063 12 
A-G-VGCF10 100 0.189 20 
GLARE 
GFRP/Al 100 0.0323 7 
GFRP/Al(10) 100 0.22 18 
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Table 4. 5 Mode-II material properties of cohesive element for FML laminates  
FML Specimen K [GPa/mm] GIIC [KJ/m
2
] S [MPa] 
CARALL 
A-VGCF0 200 0.168 14 
A-VGCF10 200 0.464 20 
GLARE 
Plain-0
o
 200 0.155 15 
Plain-90
o
 200 0.150 15 
A-V10-0
o
 200 0.573 30 
A-V10-90
o
 200 0.711 30 
 
4.4 Results and discussion 
4.4.1 Mode-I and Mode-II results of CFRP 
By matching the slope of the initial straight line and the peak load of the numerical 
load-COD and load-displacement curves to the experimental ones as shown in Figure 
4.6, both N and S of four types of laminates with CB-epoxy interleaf in chapter 2 were 
determined. As listed in Table 4.2, both N and S are enhanced with addition of 
CB-epoxy interleaf. The largest N and S are also observed in CB15 with 15 g/m
2
 CB 
addition, which were enhanced by 33.3% and 44.4%, respectively compared to those 
of Plain.  
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Figure 4. 6 Comparision of numerical and experimental load-COD and 
load-displacement curves: (a) Plain Mode-I; (b) CB15 Mode-I; (c) Plain Mode-II; (d) 
CB15 Mode-II 
 
For the CFRP laminates toughened by GO-epoxy interleaf in chapter 2, the 
comparison of numerical simulation and experimental test results were shown in 
Figures 4.7(b) and 4.7(c). Good consistence between numerical and experimental 
results can be observed. As listed in Table 4.2, N is enhanced with addition of 
GO-epoxy interleaf. The largest N is observed in GO2 specimen with 2g/m
2
 GO 
addition, which was enhanced by 66.7 % compared to that of Plain. 
Moreover, since the experimental GIC and GIIC were directly used in the 
simulations, good consistence between numerical and experimental results confirms 
the improvement effect of present interface toughening technique. Therefore, the 
experimental and numerical investigations provide clear evidences for the toughening 
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effect of CB and GO-epoxy interleaf on the Mode-I and Mode-II interlaminar 
mechanical properties of CFRP laminates including both interlaminar strength and 
fracture toughness. 
 
 
Figure 4. 7 FEM results for GO-epoxy interleaf case: (a) FEA models of DCB 
specimen; (b) and (c) Comparison of numerical and experimental load-COD curves of 
Plain specimen and GO2 specimen. 
 
4.4.2 Mode-I and Mode-II results of FML 
4.4.2.1 Simulation results for CARALL 
For Mode-I CARALL specimens, the simulation results were illustrated in Figure 4.8. 
The interfacial tensile strengths N of four representative CFRP/Al laminates which are 
listed in Table 4.4, were determined by matching the slope of the initial straight line 
and the peak load PC of the numerical load-COD curves to the typical experimental 
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A-VGCF, and 67% for A-G-VGCF. As PC is mainly dominated by GIC and is only 
slightly affected by N, there is no obvious difference among numerically identified N 
for A-VGCF10 and A-G-VGCF10 because of the minor difference of GIC between 
them. On the other hand, since the experimental values of GIC were directly used in 
the simulations, good consistence between numerical and experimental results 
confirms the improvement of current toughness techniques.  
For Mode-II CARALL specimens, the numerical load-displacement curves were 
obtained using two-dimensional FEM simulations on Mode-II crack propagation with 
ABAQUS. The comparison between numerical results and experimental ones is 
illustrated in Figure 4.9. By matching the slope of the initial straight line and the peak 
load PC to the experimental load-COD curves with the lowest error, interfacial shear 
strength, i.e., S, for the VGCF0 and VGCF10 specimens were determined as shown in 
Table 4.5. It can be found that S of the VGCF10 is enhanced by 42.86% compared 
with that of the VGCF0. Good consistence between numerical and experimental 
results confirms the improvement of the Mode-II fracture toughness of GFRP/Al 
laminates by acid treatment and VGCF interlayer since the experimental values of 
GIIC were directly used in Table 4.5. 
 Conclusively, the above numerical simulations provide clear evidences for the 
improvement effects of various toughening methods, i.e., acid treatment, mechanical 
patterning and VGCF interlayer on the interlaminar mechanical properties of 
CFRP/Al laminates, i.e., Mode-I fracture toughness, interlaminar tensile strength and 
Mode-II fracture toughness, interlaminar shear strength. 
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Figure 4. 8 Comparision of numerical and experimental load-COD curves: (a) 
A-VGCF0; (b) A-VGCF10; (c) A-G-VGCF0; (d) A-G-VGCF10 
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Figure 4. 9 Numerical and experimental load-displacement curves: (a) VGCF0 
specimens; (b) VGCF10 specimens 
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4.4.2.2 Simulation results for GLARE 
For Mode-I GLARE specimens, the results of numerical simulation are shown in 
Figure 4.10. It can be found that the numerical results were in good agreement with 
the experimental results. The interlaminar tensile strength, N, can be determined by 
matching the numerical results and experimental results with the lowest error. As 
listed in Table 4.4, N is demonstrated to have a great increase with acid treatment and 
addition of VGCF interleaf. This is consistent with the results of Mode-I fracture 
toughness. The largest N is observed in GFRP/Al(10) specimen with acid etching 
treatment and 10 g/m
2
 VGCF addition, which was enhanced by 157.1 % compared to 
those of GFRP/Al specimen. 
For Mode-II GLARE specimens, the comparison between numerical simulation 
and experimental results is illustrated in Figure 4.11. By matching the slope of the 
initial straight line and the peak load PC to the experimental load-COD curves with 
the lowest error, interlaminar shear strength, S, for the plain and A-V10 specimens 
were determined as shown in Table 4.5. In these computations, Mode-II fracture 
toughness GIIC obtained from previous ENF experiments in Table 4.5 was directly 
used. Table 4.5 shows that S is enhanced with acid treatment and addition of VGCF 
by 100% compared with that of the plain specimens. It should be noted that the peak 
load is mainly dominated by GIIC and S only influences it slightly. Therefore, there is 
no obvious difference among numerically identified S for the 0
o
 and 90
o
 specimens in 
Table 4.5. Good consistence between numerical and experimental results confirms the 
improvement of the Mode-II fracture toughness of GFRP/Al laminates by acid 
treatment and VGCF interlayer since the experimental values of GIIC were directly 
used in Table 4.5. 
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Therefore, the above numerical simulations demonstrate that acid treatment and 
VGCF interlayer can effectively improve the interlaminar mechanical properties of 
GFRP/Al laminates, i.e., interlaminar tensile and shear strengths as well as Mode-I 
and Mode-II fracture toughnesses. 
 
 
Figure 4. 10 Numerical and experimental load-COD curves for (a) GFRP/Al 
specimens; (b) GFRP/Al(10) specimens. 
 
 
Figure 4. 11 Numerical and experimental load-displacement curves for (a) plain-0
o
 
and V10-0
o
 specimens; (b) plain-90
o
 and V10-90
o
 specimens. 
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4.5 Summary 
In this chapter, the methods used to model delamination and crack propagation of 
composites materials were briefly reviewed. The theory of element kinematics of 
cohesive element and constitutive equation of cohesive model were introduced. 
Finally, finite element analyses were carried out based on cohesive zone model to 
numerically simulate delamination initiation and propagation in CFRP and FML 
laminates. Interlaminar tensile and shear strengths of CFRP and FML were 
determined by matching the numerical and experimental results with the lowest error. 
The numerically predicted interlaminar tensile and shear strengths of CFRP and FML 
laminates also show their improvements when using the above mentioned 
experimental toughening methods.  
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5 Conclusion and recommendations 
 
5.1 Conclusions 
In this dissertation various toughening strategies including, (1) introducing various 
nanofiller reinforced interleafs into the laminated composites; (2) conducting acid 
etching treatment to enhance the surface roughness of metal sheet; (3) modifying the 
morphology of metal layer surface to patterned hierarchical structure to enhance the 
interface bonding between the metal and polymer of FMLs, were devised to improve 
the relatively weak interlaminar mechanical properties of CFRP and FML laminates. 
The following points can be highlighted from this research. 
For CFRP laminates, the effects of CB and GO reinforced epoxy interleaf on the 
interlaminar mechanical properties of CFRP laminates were systematically 
investigated. The experimental results of DCB and ENF tests confirmed that the 
insertion of epoxy interleaf with CB into the interlaminar interface of CFRP laminates, 
can improve the Mode-I and Mode-II fracture toughnesses significantly. Generally, as 
the addition amount of CB increases, the fracture toughness initially increases up to a 
peak, and then decreases. The optimum area density of CB is 15 g/m
2
, which brings 
about 50% and 89% increases in Mode-I fracture toughness and resistance, 
respectively. As for Mode-II case, the optimum addition is suggested to be 10 g/m
2
, 
which leads to 145.38% increase in Mode-II fracture toughness. Moreover, the 
Mode-II fracture toughness of the specimen with 15 g/m
2
 CB addition was only 
slightly lower than that of the specimen with 10 g/m
2
 CB addition. Therefore, by 
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comprehensively considering Mode-I and Mode-II situations, 15 g/m
2
 was regarded as 
the optimal addition for the present fabrication method. With respect to GO-epoxy 
interleaf reinforced CFRP, The experimental results of DCB tests demonstrated that 
the Mode-I fracture toughness of CFRP laminates can be improved significantly with 
insertion of GO reinforced epoxy interleaf into the interlaminar interface of CFRP 
laminates. The optimum area density of GO is 2 g/m
2
, which brings about remarkable 
170.8% and 108.0% increases in Mode-I fracture toughness and resistance, 
respectively. The crack deflection and meandering propagation path in the epoxy 
matrix caused by the addition of CB and GO, as well as better interfacial bonding 
strength between carbon fiber and epoxy resin were main factors for the improved 
interlaminar fracture toughness. 
For CARALL laminates, the effects of several toughening methods were 
explored, which include acid etching and mechanical patterning for surface treatment 
of Al alloy sheet, and nanofiller addition for interfacial enhancement, to improve the 
interlaminar mechanical properties of CFRP/Al laminates. By performing DCB and 
ENF tests, the following conclusions can be drawn: 
(1) Acid etching and VGCF addition can effectively improve the critical load and 
Mode-I and Mode-II fracture toughnesses. 
(2) With the increased addition of VGCF, the fracture toughness initially increases, 
passes through a peak value, and then decreases. The optimum area density of VGCF 
at the interface is suggested to be 10 g/m
2
, at least for the present fabrication method. 
(3) The combination of mechanical patterning with acid etching can further enhance 
such interlaminar mechanical properties only for the case without VGCF addition. For 
the case of VGCF addition, it shows negative effect because of difficult dispersion of 
VGCF. 
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(4) The more cohesive failure caused by VGCF addition and pull-out and bridging of 
VGCF as well as crack deflection were demonstrated have a great contribution to the 
improvement of interlaminar properties of CFRP/Al laminates. 
For GLARE laminates, we systematically investigated the effect of acid etching 
treatment and VGCF interlayer on the Mode-I and Mode-II interlaminar fracture 
toughnesses of GFRP/Al laminates. The effect of the angle between the rolling stripes 
of aluminum plate and the fiber direction on Mode-II interlaminar fracture toughness 
was also investigated. By employing VGCF as nanofiller added into the interface of 
GFRP/Al laminates combined with acid etching and patterned structure 
manufacturing on the surface of Al plate, the Mode-I fracture toughness and resistance 
of GFRP/Al laminates were improved significantly. By comprehensively considering 
the obtained fracture toughness and resistance, in this study, the VGCF surface area 
density of 10 g/m
2
 was identified as the optimal addition amount for the Mode-I 
fracture toughness of GFRP/Al laminates. For Mode-II fracture toughness, the 
experimental results of ENF test confirmed that with proper addition of VGCF and 
acid etching treatment, the Mode-II fracture toughness of GFRP/Al laminates could 
be greatly improved. The 90
o
 specimens had much higher Mode-II fracture toughness 
than that of the 0
o
 specimens. The 385% increase of Mode-II fracture toughness was 
achieved in the 90
o
 specimens with the acid treatment and 10 g/m
2
 VGCF addition. 
The improvement mechanisms were identical with that of CFRP/Al laminates. 
Finally, finite element analyses were carried out based on cohesive zone model 
to numerically simulate delamination propagation in CFRP and FML laminates which 
not only verify the experimental fracture toughness but also predict the interface 
strength of CFRP and FML laminates. The interlaminar tensile and shear strength 
were determined by matching the numerical and experimental results with the lowest 
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error. The numerically results shows that both the interlaminar tensile and shear 
strengths of CFRP and FML laminates have a great increase using the above 
mentioned experimental toughening methods.  
5.2 Recommendations 
In this study, nanofiller addition and surface treatment were employed to improve the 
interlaminar mechanical properties of CFRP and FML laminates. For the nanofiller 
addition method, it seems that graphene or its oxide may be the ideal alternative for 
replacing CNTs or the other nanofiller. However, exploitation of the multi-scale 
composites system containing graphene or its oxide with exceptional mechanical or 
function properties is still in its infant stage. There are many challenges ahead before 
their full application in advanced composites structures. Extensive tests and 
characterization, accompanied by modeling and simulation are required to 
fundamental understand the properties of graphene and the interactions between 
graphene and matrix across the various length scales. For the surface treatment 
method, it is essential to understand the patterned multi-scale surface toughening 
mechanism and to investigate the influence of different kinds of surface morphologies 
and hierarchical structures on the adhesion strength. In the following, there are some 
recommendations as highly promising extensions of this work. 
(1) Various chemical surface treatments can be applied to graphene or its oxide to 
further improve the interfacial strength between graphene and polymer matrix. For 
example, based on coupling agent treatment method, we can embed a coupling agent 
e.g., silane at the interface of graphene/polymer to further enhance the bonding 
strength. 
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(2) Molecular simulations can be carried out to investigate the interfacial properties 
between graphene and polymer matrix. By carefully studying the effects of different 
kinds of functional groups on graphene on the interfacial strength, we can find out the 
most favorable functional groups and its percentage ratio on graphene and identify 
their improvement effects on the mechanical properties of composites containing the 
surface functionalized graphene. This also can provide valuable reference for the 
experimental surface modification of graphene.  
(3) With the development of biomimetic materials, it has been found that many 
biological materials such as tortoise shell and nacre, etc., with superior mechanical 
properties have a hierarchical structure as a common feature. Therefore, we can 
design the material surface structure in a hierarchical form based on the bio-inspired 
method.  
(4) Optimization methods combined with finite element analysis can be employed to 
optimally design the surface morphology of metal sheet to obtain the highest bonding 
strength between metal and polymer interface. 
 
